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❘❡♠❡r❝✐❡♠❡♥ts
❯♥❡ ❜♦♥♥❡ ❞♦s❡ ❞✬❡♥têt❡♠❡♥t ❡t ❞✬♦❜s❡ss✐♦♥✳ ❈✬❡st ❝❡ q✉✬✐❧ ❢❛✉t ♣♦✉r ✜♥✐r ✉♥❡ t❤ès❡
❞✬❆str♦♣❤②s✐q✉❡ ❞✐① ❛♥s ❛♣rès s✬êtr❡ ❞✐t q✉❡ ❝✬❡st q✉❡❧q✉❡ ❝❤♦s❡ ❞❡ ❢❛s❝✐♥❛♥t✳ ❉✉ ❞és❡s✲
♣♦✐r✱ ❞✉ ♣❧❛✐s✐r ❡t ❞❡ ❧❛ ❥♦✐❡ ❞✬❛♣♣r❡♥❞r❡ ♦♥t t♦✉t ❛✉t❛♥t été ❧❛ ❝♦♠♣❛❣♥✐❡ ❞❡ ❝❡tt❡ ❧♦♥❣✉❡
✈❛❞r♦✉✐❧❧❡✳ ◗✉❡❧q✉❡s r❡♠❡r❝✐❡♠❡♥ts à ❝❡✉① q✉✐ ❥✬❛✐ ♣✉ ❝ôt♦②❡r ♣❡♥❞❛♥t ❧❡s ❛♥♥é❡s ❞❡ t❤ès❡
s✬✐♠♣♦s❡♥t à ❝❡ ♣♦✐♥t✳
❚♦✉t ❞✬❛❜♦r❞ ❥❡ ✈♦✉❞r❛✐s r❡♠❡r❝✐❡r ❧❡s ❞❡✉① r❛♣♣♦rt❡✉rs ❞❡ ♠♦♥ ♠❛♥✉s❝r✐t ❞❡ t❤ès❡✱
❆❧❡①❛♥❞r❡ ▼❛r❝♦✇✐t❤ ❡t P❤✐❧✐♣♣❡ ▲♦✉❛r♥✱ ❞✬❛✈♦✐r ❛❝❝❡♣té ❝❡tt❡ t❛❝❤❡ ❡t ❞✬❛✈♦✐r ❢♦✉r♥✐ ❞❡s
❝♦♠♠❡♥t❛✐r❡s ❝♦♥str✉❝t✐❢s ❡t très ✉t✐❧❡s ♣♦✉r ❧❛ q✉❛❧✐té ❞✉ tr❛✈❛✐❧✳ ❏✬❛❥♦✉t❡ ✉♥ ❣r❛♥❞ ♠❡r❝✐
à ❆❧❡①❛♥❞r❡ ♣♦✉r ♠✬❛✈♦✐r ❞♦♥♥é ❧✬♦❝❝❛s✐♦♥ ❞❡ ♣❛rt✐❝✐♣❡r à ✉♥❡ q✉❛♥t✐té ❞❡ ❝♦❧❧♦q✉❡s ❡t
✇♦r❦s❤♦♣s q✉✬✐❧ ♦r❣❛♥✐s❛✐t ❡t ❛♥✐♠❛✐t é♥❡r❣ét✐q✉❡♠❡♥t✳ ▼❡r❝✐ à ❘✐❝❤❛r❞ ❚❛✐❧❧❡t ❞✬❛✈♦✐r été
✉♥ ♣rés✐❞❡♥t ❞❡ ❥✉r② ❞❡s ♣❧✉s ❛❣ré❛❜❧❡s ❧♦rs ❞✬✉♥ ♠♦♠❡♥t ❞❡ t❡♥s✐♦♥ q✉✬❡st ❧❛ s♦✉t❡♥❛♥❝❡
❡t ❞✬❛✈♦✐r ❞♦♥♥é ✉♥❡ t♦✉❝❤❡ ❞✬❤✉♠♦✉r q✉✐ ♠❡t à ❧✬❛✐s❡ ♣♦✉r ❧❛ s✉✐t❡✳
▲✬❡①♣r❡ss✐♦♥ ❞❡ ❣r❛t✐t✉❞❡ ❡t ❞❡s r❡♠❡r❝✐❡♠❡♥ts ♣❛rt✐❝✉❧✐❡rs s♦♥t ❞✉s à ●✉②✱ ♠♦♥
❞✐r❡❝t❡✉r ❞❡ t❤ès❡✳ ❙♦♥ ❡♥t❤♦✉s✐❛s♠❡ ❡t ♦♣t✐♠✐s♠❡ ♠✬♦♥t ❣✉✐❞é ❛✈❡❝ ❡♥tr❛✐♥ ♣❡♥❞❛♥t ❝❡s
tr♦✐s ❛♥s✳ ❆✈❡❝ ❧✉✐ ❝✬❡st t♦✉❥♦✉rs ✉♥ ♣❧❛✐s✐r ❞✬❛❜♦r❞❡r t♦✉t❡ ✉♥❡ ♣❛♥♦♣❧✐❡ ❞✬❛s♣❡❝ts ❞❡ ❧❛
♣❤②s✐q✉❡ ❞❡s ♣❧❛s♠❛s ❡t ❞✬❛ss✐st❡r à ✉♥ ♠❡r✈❡✐❧❧❡✉① ✏❞é♣❧✐❡♠❡♥t✑ ❞❡s ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s
à tr❛✈❡rs s❡s r❛✐s♦♥♥❡♠❡♥ts ❡t ❝❛❧❝✉❧s ❧❛❜♦r✐❡✉①✳ ❯♥ ❣r❛♥❞ ♠❡r❝✐ ❛✉ss✐ ♣♦✉r t♦♥ s♦✉t✐❡♥✱
❛✉t❛♥t s✉r ❧❡ ♣❧❛♥ s❝✐❡♥t✐✜q✉❡ q✉❡ ❤✉♠❛✐♥✱ ❞❛♥s ❧❡s ♠♦♠❡♥ts ❞✐✣❝✐❧❡s✳
■❧ ❡st ❞✐✣❝✐❧❡ ❞❡ ♥❡ ♣❛s ♠❡♥t✐♦♥♥❡r ❧❡s ❙❤❡r♣❛s ✿ ❏♦♥❛t❤❛♥✱ P♦♣✱ ●✐❧❧❡s✱ ●✉✐❧❧❛✉♠❡✱
●❡♦✛r♦②✱ P✐❡rr❡✲❨✈❡s✱ ❉✐❞✐❡r ❀ ✉♥ ❣r♦✉♣❡ ❞❡ ❥♦②❡✉① ✐♥❞✐✈✐❞✉s q✉✐ ♠✬❛ r❛♣♣❡❧é q✉❡ ❧✬❛s♣❡❝t
❤✉♠❛✐♥ ❡st ❛✉ss✐ ✐♠♣♦rt❛♥t q✉❡ ❧❡ ❝ôté s❝✐❡♥t✐✜q✉❡ ❞❛♥s ❧❛ r❡❝❤❡r❝❤❡✳ ❯♥ ❣r❛♥❞ ♠❡r❝✐
♣♦✉r ❧✬❛♠❜✐❛♥❝❡ ❝♦♥✈✐✈✐❛❧❡ q✉✐ rè❣♥❡ ❞❛♥s ❧❡s ré✉♥✐♦♥s✱ ♣❡♥❞❛♥t ❧❡s ❞✐s❝✉ss✐♦♥s ❡t ❧♦rs
❞❡s s❤❡r♣✐❛❞❡s✳
❯♥❡ ♣❧❛❝❡ s♣é❝✐❛❧❡ ❧♦rs ❞❡ ❧❛ ré❛❧✐s❛t✐♦♥ ❡t ❞❛♥s ❧❡ ❞ér♦✉❧❡♠❡♥t ❞❡ ❧❛ t❤ès❡ r❡✈✐❡♥t à
▼❛rt✐♥ ▲❡♠♦✐♥❡✱ ❞♦♥t ❧❛ ♣rés❡♥❝❡ ❛ été ❞é❝✐s✐✈❡ à ❜✐❡♥ ❞❡s é❣❛r❞s✳ ❈❡❧❛ ❛ t♦✉❥♦✉rs été ✉♥
♣❧❛✐s✐r ❞✬é❝❤❛♥❣❡r ❡t ❞✐s❝✉t❡r ❛✈❡❝ t♦✐ s✉r ❞❡s s✉❥❡ts ❞✐✈❡rs q✉✬✐❧s s♦✐❡♥t ❧✐és à ❧❛ P❤②s✐q✉❡
♦✉ ♥♦♥✳ ❯♥ ❣r❛♥❞ ♠❡r❝✐ à ❇❡rtr❛♥❞ ▲❡♠❜è❣❡✱ ❞❡✈❡♥✉ ❝♦✲❡♥❝❛❞r❛♥t ❡♥ ❝♦✉rs ❞❡ t❤ès❡ ❡t
❣✉✐❞❡ ❞❛♥s ❧❡s s✉❜t✐❧✐tés ❞❡s ❝♦❞❡s P■❈✳ ▲❛ t❡♥❡✉r ❞❡s ❝❛❢és q✉✬✐❧ ♣ré♣❛r❡ ❞❛♥s s♦♥ ❜✉r❡❛✉
❛ ❞❡ q✉♦✐ r❡♥❞r❡ ✉♥ ♣❧❛s♠❛ r❡❧❛t✐✈✐st❡ ✦
✐✐✐
✐✈
❱♦✉s ❧❡s ❛♥❝✐❡♥s ✭❏éré♠②✱ ❘é♠②✱ ❆str✐❞✱ ❱✐❛♥♥❡② ❡t ❋❛❜r✐❝❡ q✉✐ ♥✬❡st ♣❛s ❝✐ ❛♥❝✐❡♥✮ ❡t
❛❝t✉❡❧s t❤és❛r❞s✱ s♦②❡③ r❡♠❡r❝✐és ♣♦✉r ❧✬❛♠❜✐❛♥❝❡ ❝❤❛❧❡✉r❡✉s❡ ❞✉ ❞❡✉①✐è♠❡ ét❛❣❡ ❡t ❞✬✉♥❡
t❛❜❧❡ ❛✉t♦✉r ❞✬✉♥❡ ❜✐èr❡ ♦✉ ❞✬✉♥ ✈❡rr❡ ❞❡ ❈❤❛rtr❡✉s❡✳ ❊❧❧❡ ❛✉r❛✐t ❜✐❡♥ ❝❛✉sé ❞❡s r❛✈❛❣❡s
♣❛r♠✐ ❝❡rt❛✐♥s ❞✬❡♥tr❡ ♥♦✉s✳ ❯♥❡ ♣❡♥sé❡ ♣♦✉r ❧❡s ✏❝♦✲❛♥♥é❡s✑ ❙❛♠ ❡t ❈❤r✐st♦♣❤❡ q✉✐ ✈♦♥t
s♦✉t❡♥✐r très ❜✐❡♥tôt✳ ❈♦✉r❛❣❡ à ✈♦✉s ❞❡✉①✱ ❝✬❡st ✉♥ ❜♦♥ ♠♦♠❡♥t✳ ❙✉rt♦✉t ❧♦rsq✉✬♦♥ ❡st
r❡♥❞✉ ❛✉ ♣♦t ❞❡ t❤ès❡✳ ❉✬❛✐❧❧❡✉rs✱ ❡♥ ♣❡♥s❛♥t ❛✉ ♣♦t✱ ♠❡r❝✐ ❡♥❝♦r❡ à ❙❛♠ ❡t ▼❛t❤✐❧❞❡
♣♦✉r t♦✉s ❝❡s ♣❧❛ts q✉❡ ✈♦✉s ❛✈❡③ ♠✐❥♦té ❡t ❧❛ t❛rt❡ ❛✉ ❝✐tr♦♥✱ ❞✐s♣❛r✉❡ ❡♥ ✸✵ s❡❝♦♥❞❡s✳
❱♦✉s ❧❡s ♣♦t❡s✱ ❛♠✐✲❡✲s✱ ❝♦♣❛✐♥❣s ❛✈❡❝ q✉✐ ❥✬❛✐ ❡✉ ❧❛ ❝❤❛♥❝❡ ❞❡ ♣❛rt❛❣❡r ✉♥ ♣❛♥ ❞❡
✈✐❡ ❞❛♥s ❧❡s ❥♦②❡✉s❡s ❞é❛♠❜✉❧❛t✐♦♥s ❣r❡♥♦❜❧♦✐s❡s✳ ❚r✐st❛♥✱ ❚♦❜②✱ ▼❛rt❛✱ ❈❤r✐s✱ ▼❛r✐❛✱
▲♦✉❧♦✉✱ ❉r✐ss✳✳✳ ❞❡ ❧❛ ❥♦✐❡ ❞❡ ✈✐✈r❡ ❡t ❞❡ ❧✬❛❞♠✐r❛t✐♦♥ ❝✬❡st ❝❡ q✉✐ ♠❡ ✈✐❡♥t ❡♥ têt❡ ❡♥
♣❡♥s❛♥t à ✈♦✉s✳ ❏❡ s✉✐s ❜✐❡♥ ❝♦♥t❡♥t ❞❡ ✈♦✉s ❝♦♥♥❛✐tr❡✳ ❙t❛♥✱ ❥✬❡s♣èr❡ q✉❡ t✉ ✈❛s t♦✉❥♦✉rs
ré✉ss✐r à ❝♦♥t❡♥✐r ❡t ❝❛♥❛❧✐s❡r t❡s ❢✉r✐❡✉s❡s ❡♥✈✐❡s ❞❡ ♣♦✉ss❡r ❞❡s ❝r✐s ❀ ❡t t♦✐ ❚♦❜② t✉
tr♦✉✈❡r❛s t♦✉❥♦✉rs ❞❡s ❛❞♠✐r❛t❡✉rs ✭❡t ✲✐❝❡s✮ ❞❡ t❡s t❛❧❡♥ts ❛rt✐st✐q✉❡s✳ ❙❛♥s ✈♦✉s ❞❡✉①
❝❡s ❞❡r♥✐èr❡s ❛♥♥é❡s ❛✉r❛✐❡♥t été ❜✐❡♥ ♣❧✉s ♠♦r♦s❡s✳ ▼❛r✐❛✱ t✉ ❛✉r❛s ♣♦✉r q✉❡❧q✉❡ t❡♠♣s
❛♣♣♦rté ❞❡ ❧❛ ❞♦✉❝❡✉r ❡t ❞❡ ❧❛ ❧é❣èr❡té ❞❛♥s ♠♦♥ ❡s♣r✐t✱ r❡♠♣❧✐ ❞❡ ❣r❛✈✐té✳
❏❡ ♥✬❡♥ s❡r❛✐s ♣❛s ❧à à é❝r✐r❡ ❝❡s ♠♦ts✱ ❛ss✐s ❝♦♥❢♦rt❛❜❧❡♠❡♥t s✉r ✉♥❡ ❝❤❛✐s❡ ❞❛♥s ✉♥
❜✉r❡❛✉ ❝❤❛✉✛é ❛✉ s❡✐♥ ❞✬✉♥ ■♥st✐t✉t ❞✬❆str♦♣❤②s✐q✉❡✱ s❛♥s t♦✉t❡s ❝❡s ❛♥♥é❡s st✉❞✐❡✉s❡s
❞✬ét✉❞❡s ✉♥✐✈❡rs✐t❛✐r❡s✳ ▲❛ ♣♦ss✐❜✐❧✐té ❞❡ ❧❡s ♠❡♥❡r à ❜♦♥ t❡r♠❡ ♥✬❡st ❞✉❡ q✉✬❛✉ s✉♣♣♦rt
✐♥❝♦♥❞✐t✐♦♥♥❡❧ ❞✬✉♥❡ s❡✉❧❡ ♣❡rs♦♥♥❡ ✿ ♠♦♥ ♣èr❡✳ ❉❡s ❡①❝✉s❡s ❤❡✉r❡✉s❡s✱ ❝✬❡st ❝❡ q✉❡ ❥❡
❧✉✐ ❞♦✐s✱ ♣♦✉r ♥❡ ♣❛s ❛✈♦✐r ❢❛✐t ❞❡s ét✉❞❡s ❞❡ ❞r♦✐t✱ ❝♦♠♠❡ ✐❧ ❛✉r❛✐t ✈♦✉❧✉✱ ❡t ❞✬❛✈♦✐r
♣❡rsé✈éré ❞❛♥s ❝❡ q✉❡ ❥❡ ✈♦✉❧❛✐s ❢❛✐r❡✱ ❧✬❆str♦♣❤②s✐q✉❡✳
❘és✉♠é ❞❡ t❤ès❡
▲❛ ❢♦r♠❛t✐♦♥ ❡t ❧✬❛❝t✐✈✐té ❞❡s ♦❜❥❡ts ❝♦♠♣❛❝ts✱ t❡❧s q✉❡ ❧❡s ❚r♦✉s ◆♦✐rs ♦✉ ❧❡s ét♦✐❧❡s à
◆❡✉tr♦♥s✱ s✬❛❝❝♦♠♣❛❣♥❡ ❞✬é❥❡❝t✐♦♥ ❞❡ ♠❛t✐èr❡ ✐♦♥✐sé❡ s♦✉s ❢♦r♠❡ ❞❡ ❥❡ts à ❧❛ ✈✐t❡ss❡ ♣r♦❝❤❡
❞❡ ❝❡❧❧❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ✭✈✐t❡ss❡s r❡❧❛t✐✈✐st❡s✮✳ ❙❡ ♣r♦♣❛❣❡❛♥t ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❡♥✈✐r♦♥♥❛♥t✱
❝❡s ❥❡ts ❝♦♥❞✉✐s❡♥t ❝♦✉r❛♠♠❡♥t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬♦♥❞❡s ❞❡ ❝❤♦❝ r❡❧❛t✐✈✐st❡s✳ ❯♥❡ ❢♦rt❡
t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡ ❡t ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞✬é❧❡❝tr♦♥s ❛❝❝é❧érés s♦♥t r❡q✉✐s❡s ❛✜♥ ❞❡ t❡♥✐r
❝♦♠♣t❡ ❞❡ ❧✬é♠✐ss✐♦♥ r❛❞✐❛t✐✈❡ ♥♦♥✲t❤❡r♠✐q✉❡ ❞❡ ❝❡s ❝❤♦❝s✳ ▲✬❛♣♣r♦❝❤❡ ♥❛t✉r❡❧❧❡ ❞❡ ❝❡
♣r♦❜❧è♠❡✱ ❞é❝r✐✈❛♥t ❞❡ ♠❛♥✐èr❡ ❛✉t♦✲❝♦♥s✐st❛♥t❡ ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ♥♦♥✲❝♦❧❧✐s✐♦♥♥❡❧✱
❡st ❝❡❧❧❡ ❞❡ ❧❛ ♣❤②s✐q✉❡ ❝✐♥ét✐q✉❡ ❞❡s ♣❧❛s♠❛s ❡♥ ré❣✐♠❡ r❡❧❛t✐✈✐st❡✱ ❛❞♦♣té❡ ❞❛♥s ❝❡tt❡
t❤ès❡✳
❈❡ ❝❛❞r❡ ❝♦♥❝❡♣t✉❡❧ ❡♠♠è♥❡ à r❡❝♦♥s✐❞ér❡r ❧❡ ♣r♦❝❡ss✉s ❞❡ tr❛♥s♣♦rt ❞❡ ♣❛rt✐❝✉❧❡s
❝❤❛r❣❡s ❛✉t♦✉r ❞✉ ❝❤♦❝✳ ❉❡✉① ét✉❞❡s ✐♥❞é♣❡♥❞❛♥t❡s✱ ❡✛❡❝t✉é❡s ♣❡♥❞❛♥t ❧❛ t❤ès❡✱ ♠♦♥tr❡♥t
q✉❡ ❧❡s ❧♦✐s ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ❛✈❛❧ ❡t ❛♠♦♥t ❞✉ ❝❤♦❝ s❡ ♠❡tt❡♥t s♦✉s ✉♥❡ ❢♦r♠❡ ❝♦♥❝✐s❡✱ ❡♥ ❧♦✐
❞❡ ♣✉✐ss❛♥❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡s ♣❛rt✐❝✉❧❡s ❡t ❞❡ ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡
♠❛❣♥ét✐q✉❡✳ ▲❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥✱ ❞ér✐✈és à ❧✬❛✐❞❡ ❞❡s s✐♠✉❧❛t✐♦♥s ▼♦♥t❡✲❈❛r❧♦ ❡t
❛♥❛❧②t✐q✉❡♠❡♥t✱ ❝❤✐✛r❡♥t ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❞❡s ♣r♦t♦♥s ❛❝❝é❧érés ❛✉ ❝❤♦❝ à 1015❡❱✱ s✐
❧❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❞✉ ❝❤♦❝ ❡st très ❣r❛♥❞ ❞❡✈❛♥t ✶✳ ❈❡tt❡ ❧✐♠✐t❡ r❡♥❞ ❧❡s ❝❤♦❝s r❡✲
❧❛t✐✈✐st❡s ❝♦♠♠❡ ❛❝❝é❧ér❛t❡✉rs ❞❡ ♣❛rt✐❝✉❧❡s ✐♥❡✣❝❛❝❡s ❛✉① é♥❡r❣✐❡s ❧❡s ♣❧✉s ❡①trê♠❡s✳
▲❡ r❛②♦♥♥❡♠❡♥t✱ ✐ss✉ ❞❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s✱ ❛tt❡✐♥t ♣❧✉s✐❡✉rs ●❡❱ ❡t ❝♦rr♦❜♦r❡
❧✬✐❞é❡ q✉❡ ❧❡s ❝❤♦❝s ❡①t❡r♥❡s ❞❡s ❙✉rs❛✉ts ●❛♠♠❛ é♠❡tt❡♥t à ❞❡ t❡❧❧❡s é♥❡r❣✐❡s✳
▲✬ét✉❞❡ ❞❡s ❝❤♦❝s à ❧✬❛✐❞❡ ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ♠✬❛s ♣❡r♠✐s ❞✬ét✉❞✐❡r ❧❛ ❢♦r♠❛t✐♦♥✱
str✉❝t✉r❛t✐♦♥ ❡t é✈♦❧✉t✐♦♥ ❞❡s ❝❤♦❝s ♠♦❞éré♠❡♥t r❡❧❛t✐✈✐st❡s ❞❛♥s ✉♥❡ ❣é♦♠étr✐❡ s♣❛t✐❛❧❡
✶❉✸❱✳ ▲✬❛✉t♦✲r❡❢♦r♠❛t✐♦♥ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✱ ❝♦♥♥✉❡ ❞❛♥s ❧❡ ré❣✐♠❡ ♥♦♥✲r❡❧❛t✐✈✐st❡✱ ♣❡r✲
s✐st❡ ❞❛♥s ❧❡ ré❣✐♠❡ ♠♦②❡♥♥❡♠❡♥t r❡❧❛t✐✈✐st❡✳ ❆ ♠❛❣♥ét✐s❛t✐♦♥ ❜❛ss❡✱ ❧❡s é❧❡❝tr♦♥s s♦♥t
♣ré❝❤❛✉✛és ❞❛♥s ❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝ ♣❛r ❧✬✐♥st❛❜✐❧✐té ❞❡ ❇✉♥❡♠❛♥ ❡♥tr❡ ♣r♦t♦♥s ré✢é❝❤✐s ❡t
é❧❡❝tr♦♥s ✐♥❝✐❞❡♥ts✳ ▲❡✉r t❡♠♣ér❛t✉r❡ ❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝ r❡st❡ ♣❧✉s ❢❛✐❜❧❡ q✉❡ ❝❡❧❧❡ ❞❡s ♣r♦✲
t♦♥s✳ ❆ ♠❛❣♥ét✐s❛t✐♦♥ ❝r♦✐ss❛♥t❡✱ ❧✬✐♥st❛❜✐❧✐té ▼❛s❡r ❙②♥❝❤r♦tr♦♥ ❞❡✈✐❡♥t ❡ss❡♥t✐❡❧❧❡ ❞❛♥s
❧❛ str✉❝t✉r❛t✐♦♥ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ ❛✈❡❝ é♠✐ss✐♦♥ ❞✬✉♥ ❢♦rt ♣ré❝✉rs❡✉r é❧❡❝tr♦♠❛❣♥ét✐q✉❡
à ♣❛rt✐r ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✳ ❉❛♥s ❝❡ ❝❛s ❧❡s é❧❡❝tr♦♥s s❡ ♠❡tt❡♥t ❡♥ éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s
♣r♦t♦♥s✳ ❈❡s s✐♠✉❧❛t✐♦♥s ✶❉ ♥❡ ♠♦♥tr❡♥t ♣❛s ❞✬é✈✐❞❡♥❝❡ ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✳
✈

❚❤❡s✐s ❛❜str❛❝t ✐♥ ❊♥❣❧✐s❤
❚❤❡ ❢♦r♠❛t✐♦♥ ❛♥❞ ❛❝t✐✈✐t② ♦❢ ❝♦♠♣❛❝t ♦❜❥❡❝ts s✉❝❤ ❛s ❇❧❛❝❦ ❍♦❧❡s ❛♥❞ ◆❡✉tr♦♥
❙t❛rs r❡s✉❧ts ✐♥ t❤❡ ❡❥❡❝t✐♦♥ ♦❢ ✐♦♥✐③❡❞ ♠❛tt❡r ✐♥ t❤❡ ❢♦r♠ ♦❢ ❥❡ts ✇✐t❤ ✈❡❧♦❝✐t✐❡s ❝❧♦s❡
t♦ c ✭r❡❧❛t✐✈✐st✐❝✮✳ ❚❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ s✉❝❤ ♣♦✇❡r❢✉❧ ❥❡ts ✇✐t❤ t❤❡ ❡①t❡r♥❛❧ ♠❡❞✐✉♠ ❢♦r♠s
s❤♦❝❦s✱ ❡✈❡♥t✉❛❧❧② r❡❧❛t✐✈✐st✐❝✳ ❆ str♦♥❣ s❡❧❢✲❣❡♥❡r❛t❡❞ ♠❛❣♥❡t✐❝ ♠✐❝t♦✲t✉r❜✉❧❡♥❝❡ ❛♥❞
❛ ♣♦♣✉❧❛t✐♦♥ ♦❢ ❛❝❝❡❧❡r❛t❡❞ ❡❧❡❝tr♦♥ ❛r❡ r❡q✉✐r❡❞ t♦ ❡①♣❧❛✐♥ t❤❡ ♦❜s❡r✈❡❞ ♥♦♥✲t❤❡r♠❛❧
r❛❞✐❛t✐♦♥ ♦❢ t❤❡s❡ s❤♦❝❦s✳ ❆ ♥❛t✉r❛❧ ❛♣♣r♦❛❝❤ t♦ t❤❡ st✉❞② ♦❢ t❤❡ str✉❝t✉r❡ ♦❢ ❛ ♥♦♥✲
❝♦❧❧✐s✐♦♥♥❛❧ s❤♦❝❦ ✐♥✈♦❧✈❡s ❦✐♥❡t✐❝ tr❡❛t❡♠❡♥t ♦❢ ♣❧❛s♠❛ ♣r♦❝❡ss❡s ✐♥ t❤❡ r❡❧❛t✐✈✐st✐❝ ❧✐♠✐t✳
❚❤✐s ❛♣♣r♦❛❝❤ ✐s ❛❞♦♣t❡❞ ✐♥ t❤❡ ♣r❡s❡♥t t❤❡s✐s✳
❈♦♥s❡q✉❡♥t❧②✱ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ tr❛♥s♣♦rt ❧❛✇s ♥❡❡❞ t♦ ❜❡ st✉❞✐❡❞ ❝❛r❡❢✉❧❧② t❛❦✐♥❣
t♦ ❛❝♦✉♥t s❡❧❢✲❝♦♥s✐st❡♥t ♠❛❣♥❡t✐❝ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ❛t t❤❡ s❤♦❝❦✳ ❚✇♦ ❞✐✛❡r❡♥t st✉❞✐❡s
♦❢ ♣❛rt✐❝❧❡ tr❛♥s♣♦rt ❛t ❡❛❝❤ s✐❞❡ ♦❢ t❤❡ s❤♦❝❦ ✭❞♦✇♥str❡❛♠ ❛♥❞ ✉♣str❡❛♠✮ s❤♦✇ t❤❛t
t❤❡ ❞✐✛✉s✐♦♥ ❧❛✇s t❛❦❡ ❛ ❝♦♥❝✐s❡ ❢♦r♠ ❛s ❛ ♣♦✇❡r ❧❛✇ ✐♥ ❡♥❡r❣② ✭D ∝ E2✮ ❛♥❞ t❤❡
♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ str❡♥❣t❤✳ ❇♦t❤ ▼♦♥t❡✲❈❛r❧♦ s✐♠✉❧❛t✐♦♥s ❛♥❞ ❛♥❛❧②t✐❝ st✉❞✐❡s ❛r❡ ✐♥
❛❣r❡❡♠❡♥t ❛♥❞✱ ✐❢ t❤❡ s❤♦❝❦ ▲♦r❡♥t③ ❢❛❝t♦r ✐s ♠✉❝❤ ❣r❡❛t❡r t❤❛♥ ✶✱ ✐t ✐s ❢♦✉♥❞ t❤❛t t❤❡
♠❛①✐♠✉♠ ❡♥❡r❣② ♦❢ ❛❝❝❡❧❡r❛t❡❞ ♣r♦t♦♥s ✐s 1015❡❱✳ ❆ ♣❤②s✐❝❛❧ ♠❡❝❤❛♥✐s♠ ✐s ❛❧s♦ ♣r♦✈✐❞❡❞
t♦ ❡①♣❧❛✐♥ ❤♦✇ ❡❧❡❝tr♦♥s ❛tt❛✐♥ t❤❡ ❡q✉✐♣❛rt✐t✐♦♥ ✇✐t❤ ♣r♦t♦♥s ❛t t❤❡ s❤♦❝❦✳ ❋✐♥❛❧❧②✱ t❤❡
r❛❞✐❛t✐♦♥ ❢r♦♠ ❛❝❝❡❧❡r❛t❡❞ ❡❧❡❝tr♦♥s ❛t t❤❡ s❤♦❝❦ ❝❛♥ r❡❛❝❤ s❡✈❡r❛❧ ●❡❱ ✐♥ ❛ s②♥❝❤r♦tr♦♥✲
❧✐❦❡ s♣❡❝tr✉♠✳
■♥ t❤❡ s❡❝♦♥❞ ♣❛rt ♦❢ t❤❡ t❤❡s✐s✱ ■ ✉s❡❞ ✶❉✸❱ P■❈ s✐♠✉❧❛t✐♦♥s t♦ st✉❞② ♠✐❧❞❧② r❡✲
❧❛t✐✈✐st✐❝ s❤♦❝❦s str✉❝t✉r❡ ❛♥❞ t❤❡✐r t✐♠❡ ❡✈♦❧✉t✐♦♥✳ ❚❤❡ ♣r❡♣❡♥❞✐❝✉❧❛r s❤♦❝❦ ❢r♦♥t s❡❧❢✲
r❡❢♦r♠❛t✐♦♥✱ ✇❡❧❧✲❦♥♦✇♥ ✐♥ ♥♦♥✲r❡❧❛t✐✈✐st✐❝ ❧✐♠✐t✱ ♣❡rs✐sts ❛t ♠✐❧❞❧② r❡❧❛t✐✈✐st✐❝ s♣❡❡❞s✳
❆t ❧♦✇ ♠❛❣♥❡t✐③❛t✐♦♥ ✭σ ≪ 10−2✮✱ ❡❧❡❝tr♦♥s ❛r❡ ♣r❡✲❤❡❛t❡❞ ✐♥ t❤❡ s❤♦❝❦ ♣r❡❝✉rs♦r ❜②
t❤❡ ❇✉♥❡♠❛♥ ✐♥st❛❜✐❧✐t② ❜❡t✇❡❡♥ r❡✢❡❝t❡❞ ✐♦♥s ❛♥❞ ✐♥❝✐❞❡♥t ❡❧❡❝tr♦♥s✳ ❆t ❤✐❣❤❡r ♠❛❣♥❡✲
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❛ ♣❤②s✐q✉❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s s✉s❝✐t❡ ❧✬✐♥térêt ❞❡ ❧❛ ❝♦♠♠✉♥❛✉té ❛str♦♣❤②s✐q✉❡
♣♦✉r ❧❛ s✐♠♣❧❡ r❛✐s♦♥ q✉❡ ❧❡s ❝❤♦❝s s♦♥t ♦♠♥✐♣rés❡♥ts ❞ès q✉✬✉♥ ♣r♦❝❡ss✉s très é♥❡r✲
❣ét✐q✉❡ ❛ ❧✐❡✉ ✭t❡❧s q✉❡ é♠✐ss✐♦♥ ❞❡ ❥❡ts✱ ❡①♣❧♦s✐♦♥s st❡❧❧❛✐r❡s✱ ❡♥✈✐r♦♥♥❡♠❡♥ts ❞✬♦❜❥❡ts
❝♦♠♣❛❝ts✮✳ ▲❡s ♦❜s❡r✈❛t✐♦♥s ❞✉ r❛②♦♥♥❡♠❡♥t à tr❛✈❡rs ❧✬✐♥té❣r❛❧✐té ❞✉ s♣❡❝tr❡ é❧❡❝tr♦♠❛✲
❣♥ét✐q✉❡ ♠♦♥tr❡♥t ❧✬é✈✐❞❡♥❝❡ ❞❡ ❧✬é♠✐ss✐♦♥ s②♥❝❤r♦tr♦♥ ❞❡s é❧❡❝tr♦♥s ❛❝❝é❧érés ❡t é♠✐ss✐♦♥
■♥✈❡rs❡ ❈♦♠♣t♦♥ ❞❛♥s ❧❡ s♣❡❝tr❡ ❣❛♠♠❛✳ ▲❡ ✏❝♦♠♠❡♥t✑ ❞❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❡t ❞❡ ❧❛ ♣rés❡♥❝❡
❞❡s ❝❤❛♠♣s ♠❛❣♥ét✐q✉❡s ✐♥t❡♥s❡s é✈♦q✉és r❡st❡ t♦✉t❡❢♦✐s ✉♥❡ ❜♦ît❡ ♥♦✐r❡✳
▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ❡st ❞✬❛❜♦r❞❡r ❧❛ ♣❤②s✐q✉❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❡♥
❝♦♥s✐❞ér❛♥t ❞❡s ♣r♦❝❡ss✉s ❝✐♥ét✐q✉❡s ❞✬❛❝❝é❧ér❛t✐♦♥ ✭tr❛♥s♣♦rt ❞❡ ♣❛rt✐❝✉❧❡s ❡t ❞ér✐✈❛t✐♦♥
❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥✮ ❞✬✉♥❡ ♣❛rt✱ ❡t ❡♥ ♠♦❞é❧✐s❛♥t ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ❡♥ t❡✲
♥❛♥t ❝♦♠♣t❡ ❞❡ ❧❛ ♥♦♥✲❧✐♥é❛r✐té ❞❡s ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s ❞✬✐♥t❡r❛❝t✐♦♥ ♣❛rt✐❝✉❧❡s✲❝❤❛♠♣s✱
✐♥❤ér❡♥ts à ❧❛ ❞❡s❝r✐♣t✐♦♥ ♣❧❛s♠❛ ❞❡s ❝❤♦❝s✱ ❞✬❛✉tr❡ ♣❛rt✳
●❛r❞♦♥s à ❧✬❡s♣r✐t q✉❡❧q✉❡s ❛s♣❡❝ts ✐♠♣♦rt❛♥ts✳ Pr❡♠✐èr❡♠❡♥t✱ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❛s✲
tr♦♥♦♠✐q✉❡s ♥❡ s♦♥t ♣❛s ❛ss❡③ ♣ré❝✐s❡s ❡t ❝♦♥tr❛✐❣♥❛♥t❡s ♣♦✉r é❧❛❜♦r❡r ❞❡s t❤é♦r✐❡s ❡t
♠♦❞è❧❡s ♣❤②s✐q✉❡s très ❞ét❛✐❧❧és✱ ❞❡s ♠♦❞è❧❡s ❞❡ t②♣❡ ♣❤é♥♦♠é♥♦❧♦❣✐q✉❡ s♦♥t ♣ré❢érés✳
P❛r ❡①❡♠♣❧❡✱ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♣r♦❝❤❡ ❞❡s tr♦✉s ♥♦✐rs ❡t ét♦✐❧❡s à ♥❡✉tr♦♥s ❡st très ❞✐❢✲
✜❝✐❧❡ à ♦❜s❡r✈❡r ❞✐r❡❝t❡♠❡♥t✱ ❧❛ t❛✐❧❧❡ ❞❡s ré❣✐♦♥s ❝❡♥tr❛❧❡s ❡st très ♣❡t✐t❡✱ ♣♦✉✈❛♥t êtr❡
✐♥❢ér✐❡✉r❡ à ✶ ❆❯ ✭✶ ❆❯ ❂ 1.5 · 1013❝♠ ❂ ❉✐st❛♥❝❡ ♠♦②❡♥♥❡ ❚❡rr❡✲❙♦❧❡✐❧✮ ✦ ▼❡♥t✐♦♥✲
♥♦♥s t♦✉t ❞❡ ♠ê♠❡ ❧✬❡①❝❡♣t✐♦♥ ❞❡ q✉❡❧q✉❡s ét♦✐❧❡s à ♥❡✉tr♦♥s ♣r♦❝❤❡s ❡t ❞✉ ❚r♦✉ ◆♦✐r
●❛❧❛❝t✐q✉❡ ✭❙❛❣✐tt❛r✐✉s ❆✯✮✳ ❊♥ ❞✬❛✉tr❡s ♠♦ts✱ ♥♦✉s ✈♦②♦♥s ❝❡s ♦❜❥❡ts ✏à ❧✬♦❡✐❧ ♥✉✑ ❡t
t❡♥t♦♥s ❞✬❡①♣❧✐q✉❡r ❧❛ ❞②♥❛♠✐q✉❡ ♠✐❝r♦s❝♦♣✐q✉❡ s❛♥s ♠✐❝r♦s❝♦♣❡✳✳✳ ❉❡✉①✐è♠❡♠❡♥t✱ ❡♥
❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ❝❤♦❝s✱ s❡✉❧s ❧❡s ❝❤♦❝s ❞❛♥s ❧❡ ❙②stè♠❡ ❙♦❧❛✐r❡s s♦♥t ❡①♣❧♦r❛❜❧❡s ✐♥✲
s✐t✉ à ❧✬❛✐❞❡ ❞❡s ♠✐ss✐♦♥s s♣❛t✐❛❧❡s✳ ▲❛ q✉❛❧✐té ❞❡ t❡❧❧❡s ♠❡s✉r❡s ❡st ❡①❝❡♣t✐♦♥♥❡❧❧❡ ❝❛r ♦♥
❛❝❝è❞❡ ❛✉① é❝❤❡❧❧❡s ♣❧❛s♠❛ ❡t à ❧❛ rés♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ é❧❡❝tr♦♥✐q✉❡
✭♠✐❝r♦s❝♦♣❡ ❞✐s♣♦♥✐❜❧❡✮ ✦ ❚♦✉t❡❢♦✐s✱ ❧❡ ♥♦♠❜r❡ ❞❡ ▼❛❝❤ ❞❡ ❝❡s ❝❤♦❝s ❡st ♠♦❞❡st❡ ✭≤ 10✮
❡t ❧✬❡①tr❛♣♦❧❛t✐♦♥ ❛✉① ❝❤♦❝s ❛str♦♣❤②s✐q✉❡s ✭MA ≥ 103✮ ❡st ✉♥❡ q✉❡st✐♦♥ ✐♥tér❡ss❛♥t❡✱
✶
✷ ✶✳✶✳ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ❊◆ ❆❙❚❘❖P❍❨❙■◗❯❊
♠❛✐s ❞é❧✐❝❛t❡✳ P♦✉r ❧❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s✱ ♠❛❧❤❡✉r❡✉s❡♠❡♥t✱ ❞❡s ♠❡s✉r❡s in situ ♥❡ s♦♥t
♣♦✐♥t ❡♥✈✐s❛❣❡❛❜❧❡s ❡t ♥♦✉s ❞❡✈♦♥s ♥♦✉s ❛♣♣✉②❡r s✉r ❧❡s ♦❜s❡r✈❛t✐♦♥s ❛str♦♥♦♠✐q✉❡s ❡t
❞❡s ❛r❣✉♠❡♥ts ✐♥❞✐r❡❝ts ♣♦✉r ❝♦♥tr❛✐♥❞r❡ ❧❡s ♠♦❞è❧❡s t❤é♦r✐q✉❡s✳
✶✳✶ ❈❤♦❝s r❡❧❛t✐✈✐st❡s ❡♥ ❛str♦♣❤②s✐q✉❡
▲❛ ❢♦r♠❛t✐♦♥ ♦✉ ❧✬❛❝t✐✈✐té ❞❡s ♦❜❥❡ts ❝♦♠♣❛❝ts ✭❚r♦✉s ◆♦✐rs ❡t ➱t♦✐❧❡s à ◆❡✉tr♦♥s✮
s❡♠❜❧❡ ❝♦♥❞✉✐r❡ ✐♥é❧✉❝t❛❜❧❡♠❡♥t à ❧✬❡①✐st❡♥❝❡ ❞✬é❝♦✉❧❡♠❡♥t ✉❧tr❛✲r❡❧❛t✐✈✐st❡s ✭❝✬❡st✲à ❞✐r❡
❛②❛♥t ✉♥❡ ✈✐t❡ss❡ très ♣r♦❝❤❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ❞❛♥s ❧❡ ✈✐❞❡ c = 29979245800 cm/s✮✳
▲✬❡①✐st❡♥❝❡ ❞❡ t❡❧s é❝♦✉❧❡♠❡♥ts ❡st ❛tt❡♥❞✉❡ t❤é♦r✐q✉❡♠❡♥t à ❝❛✉s❡ ❞❡ ❧❛ q✉❛♥t✐té ❞✬é♥❡r✲
❣✐❡ ♣❤é♥♦♠é♥❛❧❡✱ ❧✐❜éré❡ ♣❛r ❝❡s ♦❜❥❡ts✱ ♣♦✉✈❛♥t êtr❡ s✉♣ér✐❡✉r❡ à 1051erg✱ ❡♥ ✉♥ t❡♠♣s
❛❧❧❛♥t ❞❡ q✉❡❧q✉❡ s❡❝♦♥❞❡s à q✉❡❧q✉❡s ❤❡✉r❡s✳ ▲❛ ❞é♣♦s✐t✐♦♥ ❞✬✉♥❡ t❡❧❧❡ ♣✉✐ss❛♥❝❡ ❞❛♥s ❧❡
♠✐❧✐❡✉ ❡♥✈✐r♦♥♥❛♥t✱ ❞❡ ✈♦❧✉♠❡ ❧✐♠✐té✱ ❝♦♥❞✉✐t à ❧✬❡①♣❛♥s✐♦♥ r❡❧❛t✐✈✐st❡ ❞✉ ♣❧❛s♠❛ ❝❤♦q✉é✳
▲❡s ♦❜s❡r✈❛t✐♦♥s ❛str♦♥♦♠✐q✉❡s ❝♦rr♦❜♦r❡♥t ❞✐r❡❝t❡♠❡♥t ♦✉ ✐♥❞✐r❡❝t❡♠❡♥t ❧✬❡①♣❛♥s✐♦♥
à ✈✐t❡ss❡ ♣r♦❝❤❡ ❞❡ c ❞❛♥s ❝❡s ❡♥✈✐r♦♥♥❡♠❡♥ts✳ ❯♥❡ ♣r❡✉✈❡ ❞✐r❡❝t❡ ❡♥ ❡st ❧✬♦❜s❡r✈❛t✐♦♥
❞❡s ♠♦✉✈❡♠❡♥ts ✏s✉♣❡r❧✉♠✐♥✐q✉❡s✑ ❞❛♥s ❧❡s ❥❡ts ❞❡s ◆♦②❛✉① ❆❝t✐❢s ❞❡s ●❛❧❛①✐❡s ✭◆❆●s✮
❡t ❧❡s ❜❧❛③❛rs✳ ❚♦✉❥♦✉rs ❞❛♥s ❧❡s ◆❆●s✱ ❧✬é♠✐ss✐♦♥ ❛✉ ●❡❱ ❞❡ ✈❛r✐❛❜✐❧✐té r❛♣✐❞❡✱ ♣❛r s♦♥
❡①✐st❡♥❝❡ ❡t ❝♦♠♣❛❝✐té ❞❡ ❧❛ s♦✉r❝❡ ♣r♦✉✈❡ q✉❡ ❧❡ ♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ❞❡ ❧✬é♠❡tt❡✉r ❡st
r❡❧❛t✐✈✐st❡ ❬✶❪✳ ❆✐♥s✐✱ ❧❛ ❞❡♥s✐té ❞❡s ♣❤♦t♦♥s ✈✉s ♣❛r ❧✬é❧❡❝tr♦♥ ❡♥ ♠♦✉✈❡♠❡♥t r❡❧❛t✐✈✐st❡✱ à
✉♥❡ ✈✐t❡ss❡ V ✱ ❡st ❞✐✈✐sé❡ ♣❛r ❧❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ γ = (1− V 2/c2)−1/2 ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳
P❛r ❝♦♥séq✉❡♥❝❡ ❧❡ t❛✉① ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛✐r❡s ❡st ❞✐✈✐sé ♣❛r γ ❛✉ss✐✳ ❈✬❡st ❧❡ s❡✉❧ ♠♦②❡♥
♣♦✉r q✉❡ ❧❡s ♣❤♦t♦♥s ❞❡ t❡❧❧❡ é♥❡r❣✐❡ ♣✉✐ss❡♥t s✬é❝❤❛♣♣❡r ❡t ❛rr✐✈❡r ❥✉sq✉❡ ❧❛ ❚❡rr❡✳
▲✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❝❡s é❝♦✉❧❡♠❡♥ts ❛✈❡❝ ❧❡ ♠✐❧✐❡✉ ❡①t❡r♥❡ ♦✉ ❜✐❡♥ ✐♥t❡r♥❡ à ❧✬é❝♦✉❧❡♠❡♥t
❧✉✐✲♠ê♠❡✱ ♣❛r s❛ ✈✐❣✉❡✉r ❡t ✈✐♦❧❡♥❝❡✱ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❢r♦♥ts ❞❡ ❝❤♦❝✱ ♣r♦❜❛❜❧❡✲
♠❡♥t r❡❧❛t✐✈✐st❡s✳ P♦✉r ❞❡ ♥♦♠❜r❡✉s❡s r❛✐s♦♥s✱ ❧❛ ❝♦♠♠✉♥❛✉té ❛str♦♣❤②s✐q✉❡ s✬✐♥tér❡ss❡
❛✉① ❝❤♦❝s r❡❧❛t✐✈✐st❡s ♠❛✐s ❥❡ ♥✬❡♥ ❝✐t❡r❛✐s q✉✬✉♥❡✱ ❝❡♥tr❛❧❡ à ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ✿ ❝❡❧❧❡ ❞❡s
♣❧❛s♠❛s ♥♦♥✲❝♦❧❧✐s✐♦♥♥❡❧s✱ ❞♦♥t ✉♥❡ ❜♦♥♥❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❡st ✐♥t✐♠❡♠❡♥t ❧✐é❡ à ❧❛ q✉❡s✲
t✐♦♥ ❞❡ ❧✬♦r✐❣✐♥❡ ❡t ❞✉ ♠é❝❛♥✐s♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡s ❘❛②♦♥s ❈♦s♠✐q✉❡s ❡t à ❧✬é♠✐ss✐♦♥ ❳
❡t γ ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ♦❜❥❡ts ❝♦♠♣❛❝ts✳
P❛ss♦♥s ❡♥ r❡✈✉❡ ❧❡s ❞✐✛ér❡♥t❡s ❝❧❛ss❡s ❞✬♦❜❥❡ts ♦ù ❧❛ ♣rés❡♥❝❡ ❞❡ ❝❤♦❝s r❡❧❛t✐✈✐st❡s
❡st s✉s♣❡❝té❡ ♦✉ ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡✳
✶✳✶✳✶ ◆❆●s
▲❡ ◆♦②❛✉① ❆❝t✐❢s ❞❡s ●❛❧❛①✐❡s ✭◆❆●s✮ ❢♦r♠❡♥t ✉♥❡ ❝❧❛ss❡ ❞❡ ●❛❧❛①✐❡s ❞♦♥t ❧❡ ❚r♦✉
◆♦✐r s✉♣❡r✲♠❛ss✐❢ ❝❡♥tr❛❧ ❡st ❡♥ ét❛t ❞✬❛❝t✐✈✐té✳ P❛r ❝❡❧❛ ♦♥ ❡♥t❡♥❞ q✉✬✉♥ ❞✐sq✉❡ ❞✬❛❝❝ré✲
t✐♦♥✱ ❝♦♠♣♦sé ♣r♦❜❛❜❧❡♠❡♥t ❞❡ ❣❛③ ❝❤❛✉❞ ❡t ❞✬ét♦✐❧❡s✱ ❡♥t♦✉r❡ ❡t ❛❧✐♠❡♥t❡ ♣❛r ❛❝❝rét✐♦♥
❧❡ tr♦✉ ♥♦✐r✳ ▲❛ str✉❝t✉r❡ ❞✬❛❝❝rét✐♦♥ ✲ é❥❡❝t✐♦♥ s❡ ♠❡t ♥❛t✉r❡❧❧❡♠❡♥t ❡♥ ♣❧❛❝❡ ❡♥ ♣ré✲
❈❍❆P■❚❘❊ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆ ✸
❋✐❣✳ ✶✳✶✿ ●❛❧❛①✐❡ ▼✽✼✳ ❙♦✉r❝❡s ✿ ❍✉❜❜❧❡ ❍❡r✐t❛❣❡ ✭❍❙❚✮✱ ❱▲❆ ❡t ❚❡❧❡s❝♦♣❡ ❈❤❛♥❞r❛
s❡♥❝❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞❛♥s ❧❛ ♠❛t✐èr❡✳ ▲❛ ♠❛♥✐❢❡st❛t✐♦♥ ❧❛ ♣❧✉s s♣❡❝t❛❝✉❧❛✐r❡ ❞❡ ❝❡
♣r♦❝❡ss✉s ❡st ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❥❡ts é♠❛♥❛♥t ❞✉ ❝❡♥tr❡ ❣❛❧❛❝t✐q✉❡ ❡t ♣♦✉✈❛♥t s❡ ♣r♦♣❛❣❡r
❥✉sq✉❡ ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡ ❦♣❝ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡♠❡♥t ❛✉ ♣❧❛♥ ❣❛❧❛❝t✐q✉❡✳ ▲❡s ♦❜s❡r✈❛✲
t✐♦♥s ❞♦♥♥❡♥t ✉♥❡ ❢r❛❝t✐♦♥ ❞❡ ✶✵✪ ❞❡s ◆❆● q✉✐ ♣rés❡♥t❡♥t ❞❡ t❡❧s ❥❡ts✳ ◆♦tr❡ ♣r♦♣r❡
●❛❧❛①✐❡ ♥✬❡st ❛❝t✉❡❧❧❡♠❡♥t ♣❛s ❛❝t✐✈❡✱ ♠❛✐s ✐❧ ❡st ♣♦ss✐❜❧❡ q✉✬❡❧❧❡ ❛ ♣✉ ❧✬êtr❡ ♣❛r ❧❡ ♣❛ssé✳
▲✬✐♥❞✐❝❡ ❡♥ ❡st ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡s ❜✉❧❧❡s ❞✉ r❛②♦♥♥❡♠❡♥t ❣❛♠♠❛ ❞✐✛✉s✱ s②♠étr✐q✉❡s ♣❛r
r❛♣♣♦rt ❛✉ ♣❧❛♥ ●❛❧❛❝t✐q✉❡✳
▲❛ ❱▲❇■ ✭❱❡r② ▲❛r❣❡ ❇❛s❡❧✐♥❡ ■♥t❡r❢❡r♦♠❡tr②✮ ré✈è❧❡ q✉❡ ❧❡s é❝♦✉❧❡♠❡♥ts ❞❛♥s ❝❡s
❥❡ts ♣❡✉✈❡♥t ❛tt❡✐♥❞r❡ ❞❡s ❢❛❝t❡✉rs ❞❡ ▲♦r❡♥t③ ✉❧tr❛✲r❡❧❛t✐✈✐st❡s Γ ∼ 10 ❞❛♥s ❧❡s ❝❧❛ss❡s
♣❛rt✐❝✉❧✐èr❡s ❞❡s q✉❛s❛rs ❡t ❇▲ ▲❛❝✳ ❈❡s ❥❡ts s♦♥t ❢♦rt❡♠❡♥t ❝♦❧❧✐♠❛tés ❡t ❧❡✉r ♦✉✈❡rt✉r❡
❛♥❣✉❧❛✐r❡ ❡st s♦✉✈❡♥t ✐♥❢ér✐❡✉r❡ à ✺ ❞❡❣rés✳ ❙✐ ❧✬❛♥❣❧❡ ❡♥tr❡ ❧❛ ❧✐❣♥❡ ❞❡ ✈✐sé❡ ❡t ❧✬❛①❡ ❞✉ ❥❡t
❡st ♣❡t✐t ♦♥ ♣❡✉t ♦❜s❡r✈❡r ✉♥ ♠♦✉✈❡♠❡♥t ❛♣♣❛r❡♠♠❡♥t s✉♣r❛❧✉♠✐♥✐q✉❡ q✉✐ s✬❡①♣❧✐q✉❡
♣❛r ❧✬❡✛❡t ❞✬❛❜❡rr❛t✐♦♥ r❡❧❛t✐✈✐st❡ ✭tr❛✈❛✐❧ ❞❡ ▼✳ ❘❡❡s ❬✶❪✮✳ ❈❡ s♦♥t s✉rt♦✉t ❧❡s ♣❛rt✐❡s
❝❡♥tr❛❧❡s✱ à ♣❡t✐t❡ é❝❤❡❧❧❡✱ ❞❡s ❥❡ts q✉✐ ❡①❤✐❜❡♥t ❞❡s ❢❛❝t❡✉rs ❞❡ ▲♦r❡♥t③ ❛✉ss✐ ❣r❛♥❞s✳ P❛r
❡①❡♠♣❧❡✱ ❞❛♥s ❧❛ ❣❛❧❛①✐❡ ▼✽✼ ❞♦♥t ❧✬✐♠❛❣❡ ❡st ❞♦♥♥é❡ ❞❛♥s ❋✐❣✳✶✳✶✱ ❞❡ t❡❧s ♠♦✉✈❡♠❡♥ts
♦♥t été ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ❧❛ ♣❛rt✐❡ ❝❡♥tr❛❧❡ ❞✉ ❥❡t à ❧✬❛✐❞❡ ❞✉ té❧❡s❝♦♣❡ ❍✉❜❜❧❡ ❬✷❪
s✉r ❞❡s é❝❤❡❧❧❡s ≃ 400♣❝✱ ✐♠♣❧✐q✉❛♥t ❧❡s ✈✐t❡ss❡s ❛♣♣❛r❡♥t❡s ❞❡ 4c − 6c ❡t ❞♦♥❝ ❞❡s
❢❛❝t❡✉rs ❞❡ ▲♦r❡♥t③ Γ ≥ 6✳ ▲❡ ❧✐❡♥ ❡♥tr❡ ❧❡s ❞❡✉① s❡ ❢❛✐t à ❧✬❛✐❞❡ ❞❡ ❧❛ ❢♦r♠✉❧❡ ✿ βapp =
βpropre sin θ/(1− βpropre cos θ)✱ ♦ù β ❡st ❧❛ ✈✐t❡ss❡ ❡♥ ✉♥✐tés ❞❡ c ❡t θ ❡st ❧✬❛♥❣❧❡ ❡♥tr❡ ❧❛
❧✐❣♥❡ ❞❡ ✈✐sé❡ ❡t ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞✉ ❥❡t✳
❈❡s ♠♦✉✈❡♠❡♥ts ♣❡✉✈❡♥t êtr❡ ❛ttr✐❜✉és à ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ✐♥✲
t❡r♥❡s✱ rés✉❧t❛♥t ❞❡ ❧✬❛❝t✐✈✐té ❞✉ tr♦✉ ♥♦✐r ❝❡♥tr❛❧ ❞❡ ♠❛ss❡ ≃ 3 ·109M⊙✳ ▲❡s ♦❜s❡r✈❛t✐♦♥s
❞✉ té❧❡s❝♦♣❡ ❈❤❛♥❞r❛ ✈✐❡♥♥❡♥t ❛♣♣✉②❡r ❝❡t ❛r❣✉♠❡♥t ✭✐♠❛❣❡ ❞❡ ❞r♦✐t❡ ❞❡ ❋✐❣✳ ✶✳✶✮✳ ▲❛
✈✐t❡ss❡ ❞❡ ❧❛ ♣❛rt✐❡ ❡①t❡r♥❡ ❞✉ ❥❡t ❝❤✉t❡ ❛✉① ✈❛❧❡✉rs s✉❜✲r❡❧❛t✐✈✐st❡s ∼ 0.2c ✭❡✳❣✳✱ ❬✸❪✮✳ ❆
✹ ✶✳✶✳ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ❊◆ ❆❙❚❘❖P❍❨❙■◗❯❊
✭❛✮ ❈❡♥t❛✉r✉s ❆✳ ■♠❛❣❡ ❝♦♠♣♦s✐t❡ ❡t ❡♥
❞✐✛ér❡♥t❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✭à ❞r♦✐t❡ ❞❡
❧✬✐♠❛❣❡✮✳ ❙♦✉r❝❡ ✿ ■♠❛❣❡ ❳ ✲ ◆❆❙❆✱ ❈❳❈✱
❘✳❑r❛❢t ✭❈❢❆✮✱ ❡t ❛❧✳ ❀ ❘❛❞✐♦ ✲ ◆❙❋✱ ❱▲❆ ❀
❖♣t✐q✉❡ ✲ ❊❙❖
✭❜✮ ❈②❣♥✉s ❆ ❡♥ r❛❞✐♦✳ ▲❡s ❧♦❜❡s ♣r♦é♠✐♥❡♥ts ♣r♦✲
✈✐❡♥♥❡♥t ❞✉ ❝❤♦❝ ❡♥tr❡ ❧❡ ❥❡t ❡t ♠✐❧✐❡✉ ✐♥t❡r❣❛❧❛❝t✐q✉❡✳
❙♦✉r❝❡ ✿ ❱▲❆
❋✐❣✳ ✶✳✷✿ ❉❡✉① ❡①❡♠♣❧❡s ❞❡ ●❛❧❛①✐❡s ❆❝t✐✈❡s ✭◆❆●s✮ ✿ ❈❡♥t❛✉r✉s ❆ ❡t ❈②❣♥✉s ❆✳
❣r❛♥❞❡ é❝❤❡❧❧❡✱ ❧❡s ❥❡ts ❝♦♠♠❡ ❝❡✉① ❞❡ ❈❡♥t❛✉r✉s ❆ ♦✉ ❈②❣♥✉s ❆ ✭❋✐❣✳ ✶✳✷✮ s♦♥t ♠♦②❡♥✲
♥❡♠❡♥t✱ ✈♦✐r❡ s✉❜✲r❡❧❛t✐✈✐st❡s✳ ▲❡ ❝❤♦❝ ❡①t❡r♥❡ ❝♦♥tr❡ ❧❡ ▼✐❧✐❡✉ ■♥t❡r●❛❧❛❝t✐q✉❡ ✭▼■●✮✱
✈✐s✐❜❧❡ s✉r ❝❡s ✐♠❛❣❡s✱ ❡st t♦✉t ❞❡ ♠ê♠❡ ❞✬✉♥ ✐♥térêt ♣♦✉r ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ♣✉✐sq✉❡
❝❡rt❛✐♥s ❛s♣❡❝ts ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❛✉① ❝❤♦❝s s✉♣r❛❧✉♠✐♥✐q✉❡s ② s♦♥t ❧✐és✳
▲✬é♠✐ss✐♦♥ ❣❛♠♠❛ ❞❡s ◆❆●s✱ q✉❛♥t à ❡❧❧❡✱ ❛❧❧❛♥t ♣❛r❢♦✐s ❥✉sq✉❡ ♣❧✉s✐❡✉rs ❚❡❱✱ ❡st ✐♥✲
tér❡ss❛♥t❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬❛❝❝é❧ér❛t✐♦♥ ❛✉① ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❝❛r ❡❧❧❡ r❡q✉✐❡rt ❧❛ ♣rés❡♥❝❡
❞✬é❧❡❝tr♦♥s ✉❧tr❛✲r❡❧❛t✐✈✐st❡s✱ ♣♦✉✈❛♥t êtr❡ ❞✐str✐❜✉és s✉✐✈❛♥t ✉♥❡ ❧♦✐ ❡♥ ♣✉✐ss❛♥❝❡ ❡♥ é♥❡r✲
❣✐❡ à ❧❛ s♦✉r❝❡ ❛✈❡❝ dN/dǫ ∝ ǫ−α✳ ❉❡ t❡❧❧❡s ❞✐str✐❜✉t✐♦♥s s♦♥t t②♣✐q✉❡s ♣♦✉r ❧❡s ♣❛rt✐❝✉❧❡s✱
❛❝❝é❧éré❡s ❛✉① ❝❤♦❝s✳ ◆♦t♦♥s q✉❡ ❧❛ ♣rés❡♥❝❡ ❞❡ t❡❧❧❡s ❞✐str✐❜✉t✐♦♥s ♥✬❡st ♣❛s ✉♥✐✈❡rs❡❧❧❡✱
♣❛r ❡①❡♠♣❧❡✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❡♥ ♣✐❧❡✲✉♣ f(γ) ∝ γ2 exp−γ/∆γ ❡st t♦✉t ❛✉ss✐ ré❝✉rr❡♥t❡
❞❛♥s ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♦❜s❡r✈❛t✐♦♥s✳ ❈❡❧❧❡✲❝✐ rés✉❧t❡ ♥❛t✉r❡❧❧❡♠❡♥t ❞✬✉♥ ♣r♦❝❡ss✉s ♦ù
❧❛ t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡ ✭❛✈❡❝ kBT = ∆γmec2✮ ❝♦rr❡s♣♦♥❞ ❛✉ ré❣✐♠❡ ✉❧tr❛✲r❡❧❛t✐✈✐st❡✱
❝✬❡st✲à✲❞✐r❡ q✉✬❡❧❧❡ ❡st s✉♣ér✐❡✉r❡ à ❧✬é♥❡r❣✐❡ ❞❡ ♠❛ss❡ ❞❡s é❧❡❝tr♦♥s✳
✶✳✶✳✷ ❱❡♥ts ❞❡s P✉❧s❛rs
▲❡ ❝❛s ❧❡ ♣❧✉s ❝♦♥♥✉ ❡t ét✉❞✐é ❞❡s ◆é❜✉❧❡✉s❡s ❞❡s ❱❡♥ts ❞❡ P✉❧s❛rs ✭◆❱P✮ ❡st ❝❡rt❛✐✲
♥❡♠❡♥t ❧❛ ◆é❜✉❧❡✉s❡ ❞✉ ❈r❛❜❡✱ ❝♦♥♥✉❡ ❛✉ss✐ s♦✉s s♦✉s ❧❡ ♥♦♠ ▼❡ss✐❡r ✶✳ ▲❡s ✐♠❛❣❡s ❡♥
❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ r❛❞✐♦✱ ■❘✱ ✈✐s✐❜❧❡ ❡t ❳ s♦♥t ♣rés❡♥té❡s ❞❛♥s ❧❛ ❋✐❣✳ ✶✳✸✳ ▲❡ ♣♦✐♥t ❧❡ ♣❧✉s
❢r❛♣♣❛♥t ❞❛♥s ❝❡s ♦❜s❡r✈❛t✐♦♥s ❡st ❧❛ ❞✐✛ér❡♥❝❡ r❛❞✐❝❛❧❡ ❞❡ ♠♦r♣❤♦❧♦❣✐❡ ❞❡ ❧❛ ♥é❜✉❧❡✉s❡
❡♥ r❛②♦♥s ❳ ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✳ ■❧ ❡st ♣♦ss✐❜❧❡ q✉❡ ❝❡tt❡ ❞✐✛ér❡♥❝❡
✈✐❡♥♥❡ ❞❡s ré❣✐♦♥s ❞✐✛ér❡♥t❡s ❞❡ ❧❛ s♦✉r❝❡ ✿ ❧❡ r❛②♦♥♥❡♠❡♥t ✈✐s✐❜❧❡ ♠❡t ❡♥ é✈✐❞❡♥❝❡ ❧✬✐♥t❡r✲
❛❝t✐♦♥ ❡♥tr❡ ❧✬é❥❡❝t❛t ❞❡ ❧❛ ❙✉♣❡r◆♦✈❛ ✭❙◆✮ ❡t ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ✭▼■❙✮ t❛♥❞✐s q✉✬❡♥
❈❍❆P■❚❘❊ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆ ✺
❋✐❣✳ ✶✳✸✿ ◆é❜✉❧❡✉s❡ ❞✉ ❈r❛❜❡ ❡♥ ❞✐✛ér❡♥t❡s ❜❛♥❞❡s ❞❡ ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✳ ❈ré❞✐ts ✿ ①✲ r❛②
✭❈❤❛♥❞r❛✮✱ ♦♣t✐q✉❡ ✭P❛❧♦♠❛r✮✱ ■❘ ✭❑❡❝❦✮✱ ❡t r❛❞✐♦ ✭❱▲❆✮✳
❳ ♦♥ ♦❜s❡r✈❡ ❧❛ ♣❛rt✐❡ ✐♥t❡r♥❡ ❞❡ ❧❛ ♥é❜✉❧❡✉s❡ q✉✐ r❡✢èt❡ ❧✬❛❝t✐✈✐té ❞❡ ❧✬ét♦✐❧❡ à ♥❡✉tr♦♥s✱
❢♦r♠é❡ s✉✐t❡ à ❧✬❡①♣❧♦s✐♦♥ ❞❡ ❧❛ ❙◆✳
❯♥ s❡✉❧ ❛s♣❡❝t ❞❡ ❧❛ ♣❤②s✐q✉❡ ❞❡ ❝❡s ♦❜❥❡t ❛tt✐r❡ ♥♦tr❡ ❛tt❡♥t✐♦♥ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛
t❤ès❡ ✿ ❧❡ ❝❤♦❝ t❡r♠✐♥❛❧ ❞✉ ✈❡♥t ❞❡ ❧✬ét♦✐❧❡ à ♥❡✉tr♦♥s s✉r ❧✬é❥❡❝t❛ ❞❡ ❧❛ ♥é❜✉❧❡✉s❡✳ ❖♥
♣❡♥s❡ q✉✬✐❧ ❡st ♦❜s❡r✈é ❞❛♥s ❧✬❛♥♥❡❛✉ ✐♥t❡r♥❡ ❞❛♥s ❧✬✐♠❛❣❡ ❡♥ r❛②♦♥s ❳ ❞❡ ❧❛ ♥é❜✉❧❡✉s❡✳
❈❡ ❝❤♦❝ ❡st ♣r♦❜❛❜❧❡♠❡♥t r❡❧❛t✐✈✐st❡ ♣✉✐sq✉❡ ❧❡ ♠♦❞è❧❡ ❞❡ ❧❛ ♠❛❣♥ét♦s♣❤èr❡ ❞❡s P✉❧s❛rs
♠❡t ❡♥ ❥❡✉ ❞❡s ❢❛❝t❡✉rs ❞❡ ▲♦r❡♥t③ Γ ∼ 106 ❞✉ ✈❡♥t✱ ❝♦♠♣♦sé ❞❡ ♣❛✐r❡s e−− e+✳ ▲❡ ❢r♦♥t
❞❡ ❝❤♦❝ ❧✉✐✲♠ê♠❡ ♥✬❛✉r❛ ♣❛s ❞❡ ✈✐t❡ss❡ ❛✉ss✐ ❡①trê♠❡ ♣✉✐sq✉❡ ❧❡ ✈❡♥t ❡st ❞✐❧✉é ❛❧♦rs q✉❡
❧❛ ♠❛t✐èr❡ ❝❤♦q✉é❡ ❞❡ ❧✬é❥❡❝t❛ ❞❡ ❙◆ ❡st ❞❡♥s❡✳ ❊♥ ❡✛❡t✱ ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧✬♦❜s❡r✈❛t❡✉r
❡①t❡r♥❡ ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝ ❛✉r❛ ✉♥ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ γsh ♠♦❞éré ♣♦✉r ❝❡tt❡ r❛✐s♦♥✳ ❖♥
♣❡♥s❡ q✉❡ ❝❡ ❝❤♦❝✱ ♦❜s❡r✈é ♣❛r ❈❤❛♥❞r❛✱ ❡st ❧❡ ❝❤♦❝ ❡♥ r❡t♦✉r ❞✉ ✈❡♥t s✉r ❧✉✐✲♠ê♠❡✱ ❛❧♦rs
q✉❡ ❧❡ ❝❤♦❝ ❡①t❡r♥❡ ❡st ♣❡✉t✲êtr❡ ✐♥✈✐s✐❜❧❡ ✭✈♦✐r❡ ✐♥❡①✐st❛♥t✮ ❝❛r ❧❛ ♠❛t✐èr❡ ❞❡ ❧❛ ❙◆❘ ❡st
très ❞❡♥s❡ ❛✉ ♣♦✐♥t ❞❡ s❡ ❝♦♠♣♦rt❡r ❝♦♠♠❡ ✉♥ ♠✉r s✉r ❧❡q✉❡❧ ❧❡ ✈❡♥t ❞✉ P✉❧s❛r ✈✐❡♥t s❡
❝❤♦q✉❡r✳
✻ ✶✳✶✳ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ❊◆ ❆❙❚❘❖P❍❨❙■◗❯❊
✶✳✶✳✸ ❙✉rs❛✉ts ●❛♠♠❛
▲❡ ❢r♦♥t ❞❡ ❝❤♦❝ ❡①t❡r♥❡ ❞❡s ❙✉rs❛✉ts ●❛♠♠❛ ✭❙●✮ ❡①❤✐❜❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❛✈❡❝ ❧❡s
♣❧✉s ❣r❛♥❞s ❢❛❝t❡✉rs ❞❡ ▲♦r❡♥t③ ❝♦♥♥✉s γsh > 100 ✭r❛♣♣❡❧♦♥s q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡s ◆❱P
❝✬❡st ❧❡ ✈❡♥t q✉✐ ❛ ❞❡s ❢❛❝t❡✉rs ❞❡ ▲♦r❡♥t③ Γ très ❣r❛♥❞❡s ❡t ♥♦♥ ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝✮✳ ❆ ❝❡
t✐tr❡✱ ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❞❛♥s ❞❡ t❡❧s ❝❤♦❝s ❡st ❛✉ ❝❡♥tr❡ ❞✬✐♥térêt ❞❡ ❝❡ tr❛✈❛✐❧
❞❡ t❤ès❡✳
▲✬éq✉✐✈❛❧❡♥t ✐s♦tr♦♣❡ ❞❡ ❧✬é♥❡r❣✐❡ r❡❧â❝❤é❡ ❡♥ r❛②♦♥s γ ❧♦rs ❞✬✉♥ s✉rs❛✉t ❡st t②♣✐✲
q✉❡♠❡♥t ❞❡ ❧✬♦r❞r❡ ❞❡ Eγ,iso = 1054❡r❣✳ ❙✐ ❧✬é♠✐ss✐♦♥ ♣r♦✈✐❡♥t ❞✬✉♥ ❥❡t ❝♦❧❧✐♠❛té ✐❧ ❢❛✉t
❝♦rr✐❣❡r ❝❡tt❡ ✈❛❧❡✉r ♣❛r ❧❡ ❢❛❝t❡✉r ❞❡ ❢♦❝❛❧✐s❛t✐♦♥✳ ▲❡✉r ✈❛r✐❛❜✐❧✐té ♣❡✉t êtr❡ ✐♥❢ér✐❡✉r❡ à
❧❛ s❡❝♦♥❞❡ ❡t ❧❛ ❞✉ré❡ t♦t❛❧❡ ∼ 100 s❡❝✳
❋✐❣✳ ✶✳✹✿ ▼♦❞è❧❡ ❞❡ ❇♦✉❧❡ ❞❡
❢❡✉ ♣♦✉r ❧❡s ❙● ❧♦♥❣s✳ ❙♦✉r❝❡ ✿
❤tt♣ ✿✴✴✇✇✇✳s✇✐❢t✳❛❝✳✉❦✴❛❜♦✉t✴❣r❜✳♣❤♣
■❧ ❡①✐st❡ ♣❧✉s✐❡✉rs ♠♦❞è❧❡s t❤é♦r✐q✉❡s
♣♦✉r ❞é❝r✐r❡ ❧❛ ♣❤é♥♦♠é♥♦❧♦❣✐❡ ❞❡s ❙●
❞♦♥t ❧❡ ♣❧✉s ♣♦♣✉❧❛✐r❡ ❡st ❧❡ ♠♦❞è❧❡ ❞❡
✏❇♦✉❧❡ ❞❡ ❋❡✉✑ ✭❆♥❣❧❛✐s ✿ ❋✐r❡❜❛❧❧✮✳ ✶ ▲❡
s❝é♥❛r✐♦ ❣é♥ér❛❧ ❡st ❧❡ s✉✐✈❛♥t ❬✹❪ ✿ ❉❛♥s ❧❡
❝❛s ❞❡s ❙● ❧♦♥❣s ✭tSG > 100s❡❝✮✱ ❧♦rs ❞❡
❧✬❡✛♦♥❞r❡♠❡♥t ❞✬✉♥❡ ét♦✐❧❡ ♠❛ss✐✈❡ ✭M ≥
10M⊙✮ ✉♥ tr♦✉ ♥♦✐r s❡ ❢♦r♠❡ ❡t s♦♥ ❛❝✲
t✐✈✐té ❛❧✐♠❡♥t❡ ✉♥ ❥❡t ❞❡ ♠❛t✐èr❡ ✉❧tr❛✲
r❡❧❛t✐✈✐st❡ ❡t ✐♥t❡r♠✐tt❡♥t✳
❉❛♥s ❧❡ ❝❛s ❞❡s ❙✉rs❛✉ts ❝♦✉rts ✭<
q✉❡❧q✉❡s s❡❝♦♥❞❡s✮ ❧❡ ❥❡t ❡st ❢♦r♠é ❧♦rs ❞❡
❧❛ ❢✉s✐♦♥ ❡♥tr❡ ❞❡✉① ♦❜❥❡ts ❝♦♠♣❛❝ts ❞✬✉♥
s②stè♠❡ ❜✐♥❛✐r❡✱ s♦✐t ❞❡✉① ét♦✐❧❡s à ♥❡✉✲
tr♦♥s s♦✐t ét♦✐❧❡ à ♥❡✉tr♦♥s ✰ tr♦✉ ♥♦✐r
st❡❧❧❛✐r❡✳ ▲❡ s✉rs❛✉t ❧✉✐✲♠ê♠❡ ♣r♦✈✐❡♥t ❞✉ r❛②♦♥♥❡♠❡♥t s②♥❝❤r♦tr♦♥ ❞❡s é❧❡❝tr♦♥s ❛❝✲
❝é❧érés ❞❛♥s ❧❡s ❝❤♦❝s ✐♥t❡r♥❡s ✭1010❝♠< R < 1014❝♠✮✳ ❯♥❡ ❢♦✐s ❧❡ s✉rs❛✉t t❡r♠✐♥é✱
❧✬é♠✐ss✐♦♥ ❡♥ r❛②♦♥s ❳✱ ♦♣t✐q✉❡ ❡t r❛❞✐♦ ✭❛❢t❡r❣❧♦✇✮ ❞♦✐t ♣r♦✈❡♥✐r ❞❡s é❧❡❝tr♦♥s ❛❝❝é❧é✲
rés ♣❛r ❧❡ ❝❤♦❝ ❡①t❡r♥❡ ❝♦♥tr❡ ❧❡ ♠✐❧✐❡✉ ❡♥✈✐r♦♥♥❛♥t ✭R > Rdeceleration ≃ 1016❝♠✮✳ ❈❡
s❝é♥❛r✐♦ tr♦✉✈❡ ❝♦♥✜r♠❛t✐♦♥ ❞❛♥s ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❧✐❡♥ ❞✐r❡❝t ❡♥tr❡ ♣❧✉s✐❡✉rs ❙✉rs❛✉ts
❧♦♥❣s ❡t ❞❡s ❙◆❡✳ ❈✐t♦♥s✱ ♣❛r ❡①❡♠♣❧❡✱ ❧✬♦❜s❡r✈❛t✐♦♥ ré❝❡♥t❡ ❞✉ s✉rs❛✉t ♣r♦❝❤❡ ✭z = 0.34✮
●❘❇ ✶✸✵✹✷✼❆ ❞❡ ❞✉ré❡ ❞❡ ✶✻✸ s❡❝✳✱ ❞❡ ✢✉① Fγ = 2 10−3 erg.cm−2 ❞❛♥s ❧❛ ❜❛♥❞❡ ✶✵✲✶✵✵
❦❡❱✱ ❞✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❞❡s ♣❤♦t♦♥s ♦❜s❡r✈é❡ ♣❛r Fermi ❞❡ ✾✹ ●❡❱ ❬✺❪ ❡t ❞✬✉♥❡ é♥❡r❣✐❡
Eγ,iso ≃ 1053❡r❣✳ ❈❡ s✉rs❛✉t ❛ r❛♣✐❞❡♠❡♥t été ❛ss♦❝✐é à ❧❛ s✉♣❡r♥♦✈❛ ❙◆ ✷✵✶✸❝q✱ ❞♦♥t ❧❡s
❝❛r❛❝tér✐st✐q✉❡s s♦♥t ♣r♦❝❤❡s ❞✬❛✉tr❡s ❛ss♦❝✐❛t✐♦♥s ❙●✴❙◆✳
✶❏❡ ♥❡ ❞✐s❝✉t❡r❛✐s ♣❛s ✉♥ ❛✉tr❡ ♠♦❞è❧❡ ✐♠♣♦rt❛♥t ♦ù ❧❡ s✉rs❛✉t ❡st ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞û à ❧❛ ❞✐ss✐♣❛t✐♦♥
♠❛❣♥ét✐q✉❡✱ ✐✳❡✳ ▲②✉t✐❦♦✈ ✫ ❇❧❛♥❞❢♦r❞ ✷✵✵✸✳ ❈❡s ♠♦❞è❧❡s ♥❡ ♥é❝❡ss✐t❡♥t ♣❛s ❞✬♦♥❞❡s ❞❡ ❝❤♦❝✳✳✳
❈❍❆P■❚❘❊ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆ ✼
▲❡ ❝❛r❛❝tèr❡ r❡❧❛t✐✈✐st❡ ❞❡s ❝❤♦❝s ❞❛♥s ❧❡s ❙● ❡st✱ ❡♥❝♦r❡✱ ♠✐s ❡♥ é✈✐❞❡♥❝❡ ♣❛r ❧✬♦❜✲
s❡r✈❛t✐♦♥ ❞❡s ♣❤♦t♦♥s ❛✉ ●❡❱✳ ▲❛ ❝♦♠♣❛❝✐té ❞❡ ❧❛ s♦✉r❝❡ ❡①✐❣❡ ✉♥ ♠♦✉✈❡♠❡♥t ♣r♦♣r❡
❛✈❡❝ Γ ≥ 100 ♣♦✉r q✉❡ ❧✬♦♣❛❝✐té à ❧❛ ❝ré❛t✐♦♥ ❞❡ ♣❛✐r❡s ♥❡ s♦✐t ♣❛s ❞r❛♠❛t✐q✉❡✳ ❈✬❡st ❧❡
♠ê♠❡ ❛r❣✉♠❡♥t q✉❡ ❝❡❧✉✐ ❞❡ ❘❡❡s ♠❛✐s ❞❛♥s ❧❡ ❝❛s ❞❡s ❙●✳ ❯♥ ❛✉tr❡ ❛r❣✉♠❡♥t ❡♥ ❢❛✈❡✉r
❡st ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡s s❝✐♥t✐❧❧❛t✐♦♥s r❛❞✐♦ ✐♥t❡rst❡❧❧❛✐r❡s ❡t ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡s ❝♦✉r❜❡s ❞❡ ❧✉✲
♠✐èr❡ ❞❡s ré♠❛♥❡♥❝❡s✱ é✈♦❧✉❛♥t s✉✐✈❛♥t ❧❛ s♦❧✉t✐♦♥ ❞❡ ❇❧❛♥❞❢♦r❞✲▼❝❑❡❡ ✱ q✉✐ ✐♠♣❧✐q✉❡
R(tobs) ∝ (ESGt)1/4 ❬✻✱ ✼❪✳
▲❛❜♦r❛t♦✐r❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s✳ ▲❡ r❡❧❛t✐❢ é❧♦✐❣♥❡♠❡♥t ❞✉ ❝❤♦❝
❡①t❡r♥❡ ♣❛r r❛♣♣♦rt ❛✉ ♣r♦❣é♥✐t❡✉r ♣❡r♠❡t ❞❡ ❝♦♥s✐❞ér❡r q✉❡ ❧❛ ♣❤②s✐q✉❡ ❞✉ ❝❤♦❝ ♥✬❡st
♣❛s ✐♥✢✉❡♥❝é❡ ♣❛r s❡s ❡✛❡ts ❣r❛✈✐t❛t✐♦♥♥❡❧s✳ ❉❡ ❝❡ ❢❛✐t✱ ❡t ❡♥ ❛❞♠❡tt❛♥t q✉❡ ❧❡ ♠✐❧✐❡✉
❡①t❡r♥❡ ❡st ❤♦♠♦❣è♥❡✱ ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ❡st ✉♥ s②stè♠❡ ❛✉t♦✲❝♦♥s✐st❛♥t ❡t ✉♥ ♣❛r❢❛✐t
❧❛❜♦r❛t♦✐r❡ ♣♦✉r ❧❛ ♣❤②s✐q✉❡ r❡❧❛t✐✈✐st❡✳
P♦✉r ✜♥✐r✱ ré❝❛♣✐t✉❧♦♥s q✉❡❧q✉❡s ✐♥❢♦r♠❛t✐♦♥s ❞❛♥s ❧❡ t❛❜❧❡❛✉ s✉✐✈❛♥t
❊①✳ ❛str♦ ❚❛✐❧❧❡ ré❣✐♦♥ γsh
◆❆● ❈②❣ ❆ ▼♣❝ ✷✲✷✵
▼✐❝r♦✲◗✉❛s❛r ❙❙✹✸✸ ♣❝ ≥ 1
❱❡♥t ❞❡ P✉❧s❛r ❈r❛❜❡ ✭▼❡ss✐❡r✶✮ ♣❝ 103 − 106✭✈❡♥t✮
❙✉rs❛✉t ●❛♠♠❛ ●❘❇ ✶✸✵✹✷✼❆ 10−2♣❝ ∼ 100
✶✳✷ ❚❤é♦r✐❡s ♠❛❝r♦✲ ❡t ♠✐❝r♦✲♣❤②s✐q✉❡ ❞❡s ♦♥❞❡s ❞❡ ❝❤♦❝
r❡❧❛t✐✈✐st❡s
❙✉✐t❡ à ❧❛ ❞é❝♦✉✈❡rt❡ ❞❡s é❝♦✉❧❡♠❡♥ts ❛♣♣❛r❡♠♠❡♥t s✉♣❡r❧✉♠✐♥✐q✉❡s ❞❛♥s ❧❡s ❥❡ts
❞❡s ◆❆●s ❡t ❧✬❡①♣❧✐❝❛t✐♦♥ ♣❛r ❧✬❡✛❡t ❞✬❛❜❡rr❛t✐♦♥✱ ❞✉❡ ❛✉ ♠♦✉✈❡♠❡♥t r❡❧❛t✐✈✐st❡ ❬✶❪✱ ✉♥❡
t❤é♦r✐❡ ❤②❞r♦❞②♥❛♠✐q✉❡ ❛✉t♦✲s✐♠✐❧❛✐r❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❛ été ét❛❜❧✐❡ ♣❛r ❇❧❛♥❞❢♦r❞
✫ ▼❝❑❡❡ ❬✼❪✳ ▲❛ ✈✐t❡ss❡ ❞✉ s♦♥ ❞❛♥s ✉♥ ❣❛③ r❡❧❛t✐✈✐st❡ ét❛♥t c/
√
3✱ ✉♥ é❝♦✉❧❡♠❡♥t à ❧❛
✈✐t❡ss❡ ♣r♦❝❤❡ ❞❡ c ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ♦♥❞❡s ❞❡ ❝❤♦❝✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ◆❆●s ❝❡s
❝❤♦❝s ♣❡✉✈❡♥t êtr❡ ✐♥t❡r♥❡s ♦✉ ❡①t❡r♥❡s ❛✉ ❥❡t✳
❈❡tt❡ t❤é♦r✐❡ ♣r♦❝✉r❡ ❧✬✐♥❢♦r♠❛t✐♦♥ s✉r ❧❛ ❞❡♥s✐té✱ ❧❛ ♣r❡ss✐♦♥✱ ❧❛ t❡♠♣ér❛t✉r❡ ❞❛♥s ❧❡
♠✐❧✐❡✉ ❝❤♦q✉é ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❝❡s ♠ê♠❡s q✉❛♥t✐tés ❛✉✲❞❡✈❛♥t ❞✉ ❝❤♦❝✳ ❯♥ ❛✉tr❡ ♠ér✐t❡
❡st ❞❡ ❜✐❡♥ s✬❛❥✉st❡r ❛✉① ♦❜s❡r✈❛t✐♦♥s ❞❡s ré♠❛♥❡♥❝❡s r❛❞✐♦ ❞❡ ❙●✱ ❞♦♥t ❧❡ ❢❛❝t❡✉r ❞❡
▲♦r❡♥t③ ❞✉ ❝❤♦❝ ❡①t❡r♥❡ s❡♠❜❧❡ ❞é❝r♦✐tr❡ ❛✈❡❝ ❧❡ t❡♠♣s s✉✐✈❛♥t ❧❛ ❧♦✐ ♣ré❞✐t❡ ♣❛r ❧❛
t❤é♦r✐❡ ✿ γsh ∝ t−3/2✳
▲✬✐♥❝❧✉s✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✭❞♦♥♥❛♥t ❧✐❡✉ à ❧❛ ▼❛❣♥ét♦ ✲ ❤②❞r♦❞②♥❛♠✐q✉❡
❘❡❧❛t✐✈✐st❡ ✿ ❘▼❍❉✮ ❞❛♥s ❧❛ ❞❡s❝r✐♣t✐♦♥ ✢✉✐❞❡ ❞❡s ❝❤♦❝s ❬✽❪ ♣❡r♠❡t ❞❡ r❡♥❞r❡ ❝♦♠♣t❡ ❞❡
❧✬✐♥✢✉❡♥❝❡ ❞②♥❛♠✐q✉❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ s✉r ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t✱ ❧❡ ❝❤❛♥❣❡♠❡♥t ❞❡
✽
✶✳✷✳ ❚❍➱❖❘■❊❙ ▼❆❈❘❖✲ ❊❚ ▼■❈❘❖✲P❍❨❙■◗❯❊ ❉❊❙ ❖◆❉❊❙ ❉❊ ❈❍❖❈
❘❊▲❆❚■❱■❙❚❊❙
❧✬✐♥❞✐❝❡ ❛❞✐❛❜❛t✐q✉❡ ❞✉ ✢✉✐❞❡ ✭s②♠étr✐❡ ✷❉ ❞❛♥s ❧❡ ♣❧❛♥ tr❛♥s✈❡rs❡ ❛✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✮
❡t ❞❡ ❧✬✐♥t❡♥s✐té ❡t ♣♦❧❛r✐s❛t✐♦♥ ❞✉ r❛②♦♥♥❡♠❡♥t s②♥❝❤r♦tr♦♥✳
▲✬é❧é❣❛♥❝❡ ❛✈❡❝ ❧❛q✉❡❧❧❡ ❧✬❤②❞r♦❞②♥❛♠✐q✉❡ ❡t ❧❛ ▼❍❉ ✐♥❝♦r♣♦r❡♥t ❧❛ r❡❧❛t✐✈✐té✱ ✈✐❛ ❧❡
t❡♥s❡✉r ❞✬é♥❡r❣✐❡✲✐♠♣✉❧s✐♦♥ ❞✉ ✢✉✐❞❡✱ ❡st ❛ttr❛❝t✐✈❡ à ❜✐❡♥ ❞❡s é❣❛r❞s✳ ■❧ ❢❛✉t✱ t♦✉t❡❢♦✐s✱
é♠❡ttr❡ ✉♥ ❞♦✉t❡ s✉r ❧❛ ❝❛♣❛❝✐té ❞❡ ❝❡tt❡ ❛♣♣r♦❝❤❡ à ré✈é❧❡r ❧❡s r♦✉❛❣❡s ♣❤②s✐q✉❡s q✉✐
❣♦✉✈❡r♥❡♥t ❧❛ ❢♦r♠❛t✐♦♥ ❡t ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡✳ ❈♦♥st❛t♦♥s q✉❡❧q✉❡s ♣♦✐♥ts
♦ù ❧✬❛♣♣r♦❝❤❡ ✢✉✐❞❡ ❡st ♠✐s❡ ❡♥ ❞é❢❛✉t ✿
• ▲❡ ♣❧❛s♠❛ ❞❛♥s ❧❡q✉❡❧ ❧❡s ❝❤♦❝s ♦♥t ❧✐❡✉ ✭▼■❙ ♦✉ ▼■●✮ ❡st ♥♦♥✲❝♦❧❧✐s✐♦♥♥❡❧✳ ❖r✱ ❧❛
t❛✐❧❧❡ ❝❛r❛❝tér✐st✐q✉❡ ❞✉ ❝❤♦❝ ❛✐♥s✐ q✉❡ ❧✬é❝❤❡❧❧❡ ❤②❞r♦❞②♥❛♠✐q✉❡ ❡st ♠❡s✉ré❡ ♣❛r ❧❡
❧✐❜r❡ ♣❛r❝♦✉rs ♠♦②❡♥ ❝♦❧❧✐s✐♦♥♥❡❧✳ ❈❡ ❞❡r♥✐❡r ❡st ♣❧✉s ❣r❛♥❞ q✉❡ ❧❡ s②stè♠❡ ❡♥t✐❡r ❝❛r
❧❡ ♣❧❛s♠❛ ❡st té♥✉ ❀ ❧✬❛♣♣r♦❝❤❡ ❤②❞r♦❞②♥❛♠✐q✉❡ ♥✬❡st ♣❛s ❛❞❛♣té❡✳ ❖♥ ♣❡✉t ❡ss❛②❡r
❞❡ ❝♦♥t♦✉r♥❡r ❛✈❡❝ ❧❛ ❘▼❍❉ ♦✉ ❧✬é❝❤❡❧❧❡ ❝❛r❛❝tér✐st✐q✉❡ ❡st ❧❡ r❛②♦♥ ❞❡ ▲❛r♠♦r ❞❡s
♣r♦t♦♥s✳ ■❝✐ ❛✉ss✐✱ ✈✉ ❧❛ ❢❛✐❜❧❡ss❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞❛♥s ❧❡ ▼■❙ ✭σ ∼ 10−9✮✱
❝❡tt❡ ❧♦♥❣✉❡✉r ❡st tr♦♣ ❣r❛♥❞❡✳ ▲✬❛♣♣r♦①✐♠❛t✐♦♥ ✢✉✐❞❡ ❡st ❞é✜♥✐t✐✈❡♠❡♥t ✐♥❛❞❛♣té❡
❧♦rsq✉✬♦♥ ✈❡✉t ❞é❝r✐r❡ ❧✬é♣❛✐ss❡✉r ❞✉ ❝❤♦❝✱ ♥♦r♠❛❧❡♠❡♥t ✉♥❡ é❝❤❡❧❧❡ ✐♥✜♥✐tés✐♠❛❧❡
♣❛r r❛♣♣♦rt à ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ré❣✐♦♥ ❝❤♦q✉é❡✱ ❞é✜♥✐❡ ♣❛r ❧❡ ❧✐❜r❡ ♣❛r❝♦✉rs ❡♥tr❡ ❞❡✉①
❝♦❧❧✐s✐♦♥s ❞❡s ♣❛rt✐❝✉❧❡s ❞✉ ✢✉✐❞❡ ✳ ❈❡ ❝♦♥st❛t ♥✬❡st ♣❛s ré❝❡♥t✳ ❈✐t♦♥s à ❝❡ ♣r♦♣♦s
❧✬♦✉✈r❛❣❡ ❬✾❪✱ ♣✳✺✵✷ ✿
✏❆✐♥s✐✱ ❧❛ ❧❛r❣❡✉r ❞❡s ♦♥❞❡s ❞❡ ❝❤♦❝ ❞❡ ❣r❛♥❞❡ ✐♥t❡♥s✐té ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞❡
❧❛ ❧♦♥❣✉❡✉r ❞✉ ❧✐❜r❡ ♣❛r❝♦✉rs ❞❡s ♠♦❧é❝✉❧❡s ❞✉ ❣❛③✳ ▼❛✐s ❡♥ t❤é♦r✐❡ ♠❛❝r♦s❝♦♣✐q✉❡
❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❣❛③ ♦♥ ❛ss✐♠✐❧❡ ❧❡ ❣❛③ à ✉♥ ♠✐❧✐❡✉ ❝♦♥t✐♥✉ ❡t ❧❛ ❧♦♥❣✉❡✉r ❞❡
❧✐❜r❡ ♣❛r❝♦✉rs ❞♦✐t êtr❡ ♣♦sé❡ à ③❡r♦✳ ❉❡ ❝❡ ❢❛✐t ❧❡s ♠ét❤♦❞❡s ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s
❣❛③ ♥❡ ❝♦♥✈✐❡♥♥❡♥t ♣❛s à ❧✬ét✉❞❡ ❞❡ ❧❛ str✉❝t✉r❡ ✐♥t❡r♥❡ ❞❡s ♦♥❞❡s ❞❡ ❝❤♦❝ ❞❡ ❢♦rt❡
✐♥t❡♥s✐té✑✳
• ▲❡ r❛②♦♥♥❡♠❡♥t s②♥❝❤r♦tr♦♥ ❞❡s s♦✉r❝❡s r❡q✉✐❡rt ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✐♥t❡♥s❡
❞❛♥s ❧❡ ♠✐❧✐❡✉ ❝❤♦q✉é✱ t②♣✐q✉❡♠❡♥t ❞❡ ✶ à ♣❧✉s✐❡✉rs ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r ♣❧✉s ❢♦rt
q✉❡ ❝❡❧✉✐ ❞❡ ❧❛ ❝♦♠♣r❡ss✐♦♥ ❞✉ ❝❤❛♠♣ ❡①t❡r♥❡ ♣❛r ❧❡ ❝❤♦❝✳ ▲❡ ❢♦r♠❛❧✐s♠❡ ✢✉✐❞❡
♥❡ ♣❡r♠❡t ♣❛s ❞❡ ❝ré❡r ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❛✉ ❝❤♦❝✱ s❡✉❧❡♠❡♥t ❝♦♠♣r✐♠❡r ❧❡
❝❤❛♠♣ ♣ré❡①✐st❛♥t ♣❛r ❧❡ ❢❛❝t❡✉r ❞❡ ❝♦♠♣r❡ss✐♦♥ ❞✉ ❝❤♦❝✳ ❯♥ ♠é❝❛♥✐s♠❡ ❝✐♥ét✐q✉❡
❡st r❡q✉✐s ♣♦✉r ❛❜♦r❞❡r ❧❡ ♣r♦❜❧è♠❡✳
• ❈✬❡st ✉♥ ❝♦♥st❛t ✉♥✐✈❡rs❡❧ q✉❡ ❧❡s ❝❤♦❝s ❛str♦♣❤②s✐q✉❡s ❛❝❝é❧èr❡♥t ❧❡s ♣❛rt✐❝✉❧❡s
❝❤❛r❣é❡s✳ ▲❛ ❞✐str✐❜✉t✐♦♥ s♣❡❝tr❛❧❡ ❞✉ r❛②♦♥♥❡♠❡♥t ✐ss✉ ❞❡s ❝❤♦❝s ❡st ❣é♥ér✐q✉❡✲
♠❡♥t ✐♥t❡r♣rété❡ ❝♦♠♠❡ ❞❡ ❧✬é♠✐ss✐♦♥ s②♥❝❤r♦tr♦♥ ❞♦♥t ❧❡ ✢✉① ❡st ❡♥ ❧♦✐ ❞❡ ♣✉✐s✲
s❛♥❝❡ ❞❡ ❧❛ ❢réq✉❡♥❝❡ Fν ∝ ν−p✳ ❈❡❧❛ ✐♠♣❧✐q✉❡ q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s à ❧❛
s♦✉r❝❡ ❡st ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ❡♥ é♥❡r❣✐❡ ❛✉ss✐✱ ❛✈❡❝ dN(ǫ)/dǫ ∝ ǫ−s✱ ♦ù s = 2p+1✳
▲✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ♥❡ ♣❡✉t êtr❡ ét✉❞✐é ❞❛♥s ✉♥❡ ❛♣♣r♦❝❤❡ ✢✉✐❞❡ ❞❡ ♠❛♥✐èr❡
❛✉t♦✲❝♦♥s✐st❛♥t❡✳
❈❡s tr♦✐s ❝♦♥st❛ts ❛♠è♥❡♥t ✉♥ ré❡❧ ❜❡s♦✐♥ ❡♥ ❛str♦♣❤②s✐q✉❡ ❞❡ ❞é❝r✐r❡ ❧❡s ❝❤♦❝s à
❈❍❆P■❚❘❊ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆ ✾
❧✬é❝❤❡❧❧❡ ❝✐♥ét✐q✉❡✱ ❞♦♥t ❧❛ ❝❛♣❛❝✐té à ❛❜♦r❞❡r ❧✬✐♥t❡r❛❝t✐♦♥ ♣❛rt✐❝✉❧❡s ✲ ❝❤❛♠♣s ♣❡r♠❡t ❞❡
r❡♥❞r❡ ♣❧❡✐♥❡♠❡♥t ❝♦♠♣t❡ ✭❛✉① ❛♣♣r♦①✐♠❛t✐♦♥s ❡t ✐♥❝❡rt✐t✉❞❡s ♣rès✮ ❞❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❡t
❞❡ ❧❛ ❣é♥ér❛t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳
✶✳✸ Pr♦❝❡ss✉s ❞❡ ❋❡r♠✐
✶✳✸✳✶ Pr✐♥❝✐♣❡ ❞❡ ❜❛s❡ ❞❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ❋❡r♠✐
P❛r♠✐ ❧❡s ♠é❝❛♥✐s♠❡s ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❝❤❛r❣é❡s ❞❛♥s ❧❡s ♠✐❧✐❡✉① ❝♦s✲
♠✐q✉❡s ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❋❡r♠✐ ❡st à ❧❛ ❢♦✐s ❧❡ ♣❧✉s ét✉❞✐é ❡t ❧❡ ♣❧✉s r♦❜✉st❡✳
❉é❝r✐✈♦♥s ❜r✐è✈❡♠❡♥t ❧✬✐❞é❡ ♦r✐❣✐♥❡❧❧❡ ❞❡ ❋❡r♠✐ ❬✶✵❪✳ ❖♥ s❡ ♣❧❛❝❡ ❞❛♥s ❧❛ s✐t✉❛t✐♦♥
s✉✐✈❛♥t❡ ✿ ❧❛ ♣❛rt✐❝✉❧❡ s❡ ♣r♦♣❛❣❡ ❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ v = cβpart ❡♥ ♠♦✉✈❡♠❡♥t r❡❧❛t✐❢
♣❛r r❛♣♣♦rt à ❧✬✐rré❣✉❧❛r✐té ♠❛❣♥ét✐q✉❡ ✭♥✉❛❣❡s ✐♥t❡rst❡❧❧❛✐r❡s✮✳ ❈❡tt❡ ❞❡r♥✐èr❡ s❡ ♣r♦♣❛❣❡
❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ virr✳ ❉❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞❡ ❧✬✐rré❣✉❧❛r✐té ❧✬✐♥t❡r❛❝t✐♦♥ ❡st é❧❛st✐q✉❡✱ s❡✉❧❡
❧❛ ❞✐r❡❝t✐♦♥ ❞❡ q✉❛♥t✐té ❞❡ ♠♦✉✈❡♠❡♥t ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡st r❡♥✈❡rsé❡✳ ▲❡ ❣❛✐♥ ✭♦✉ ♣❡rt❡✮
❞✬é♥❡r❣✐❡ s✬❡✛❡❝t✉❡ ♣❛r ✉♥ ❞♦✉❜❧❡ ❝❤❛♥❣❡♠❡♥t ❞❡ ré❢ér❡♥t✐❡❧✳ ❖♥ s❡ ♣❧❛❝❡ ❞✬❛❜♦r❞ ❞❛♥s ❧❡
ré❢ér❡♥t✐❡❧ ❞❡ ❧✬✐rré❣✉❧❛r✐té ✭E′avant = E′apres ❡t cos θ′avant = − cos θ′apres✮✱ ♦ù θ r❡♣rés❡♥t❡
❧✬❛♥❣❧❡ ❡♥tr❡ ❧❡ ✈❡❝t❡✉r ✈✐t❡ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡t ❞❡ ❧✬✐rré❣✉❧❛r✐té✳ ▲❡s ❣r❛♥❞❡✉rs ♣r✐♠é❡s
✐♥❞✐q✉❡♥t q✉✬♦♥ s❡ ♣❧❛❝❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ♣r♦♣r❡ ❞❡ ❧❛ ♣❡rt✉r❜❛t✐♦♥✳ ▲❛ tr❛♥s❢♦r♠❛t✐♦♥
❞❡ ▲♦r❡♥t③ ✐♥✈❡rs❡ ❞♦♥♥❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉
❧❛❜♦r❛t♦✐r❡ ✿
Efin
Einit
= γ2irr(1 + β
2
irr ± 2βpartβirr cos θ) ✭✶✳✶✮
Einit ❡t Efin s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❛✉ ❞é❜✉t ❞✉ ❝②❝❧❡ ❡t à s❛ ✜♥✳
γirr ❡st ❧❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❞❡ ❧✬✐rré❣✉❧❛r✐té✳ ▲❡ s✐❣♥❡ ± ✐♠♣❧✐q✉❡ ✉♥❡ r❡♥❝♦♥tr❡ ❡♥
r❛♣♣r♦❝❤❡♠❡♥t✭✰✮ ♦✉ ❡♥ é❧♦✐❣♥❡♠❡♥t✭✲✮✳
❉❡✉① ✈❛r✐❛♥t❡s ❞❡ ❝❡ ♠é❝❛♥✐s♠❡ s♦♥t ❝♦♥♥✉❡s ✿ ❣❛✐♥ ❞✬♦r❞r❡ ✶ ✭❋❡r♠✐ ■✮✱ ❛ss♦❝✐é ❛✉
t❡r♠❡ ❡♥ βirr✱ ❡t ❧❡ ❣❛✐♥ ❞✬♦r❞r❡ ✷ ✭❋❡r♠✐ ■■✮✱ ❛ss♦❝✐é ❛✉ t❡r♠❡ ❡♥ β2irr✳ ❉❛♥s ❧❡ ❝❛s ❣é♥ér❛❧
❞✬✉♥❡ ❞✐str✐❜✉t✐♦♥ ✐s♦tr♦♣❡ ❡♥ ✈✐t❡ss❡s ❞❡s ✐rré❣✉❧❛r✐tés ♠❛❣♥ét✐q✉❡s✱ ❧❡ t❡r♠❡ ❞❡ ♣r❡♠✐❡r
♦r❞r❡ ❡st ♥✉❧ ✭à ❝❛✉s❡ ❞❡ ❧❛ ♠♦②❡♥♥❡ s✉r ❧❡s ❝♦s✐♥✉s✮✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❡ ♣r♦❝❡ss✉s ❞✬♦r❞r❡ ✷
❡st r♦❜✉st❡✱ ♠❛✐s ❧❡♥t✳ ❙❛ ❢❛✐❜❧❡ss❡ ✈✐❡♥t ❞✉ ❢❛✐t q✉✬✐❧ ❡st st❛t✐st✐q✉❡ ❡t βirr ❡st ❣é♥ér❛❧❡♠❡♥t
♣❡t✐t ❞❡✈❛♥t ✶✳ ❊♥ ❞✬❛✉tr❡s t❡r♠❡s✱ ❧❡s r❡♥❝♦♥tr❡s ❡♥ r❛♣♣r♦❝❤❡♠❡♥t s♦♥t ♣❧✉s ♣r♦❜❛❜❧❡s
q✉✬❡♥ é❧♦✐❣♥❡♠❡♥t ❡t ✐❧ ❡♥ rés✉❧t❡ ✉♥ ❣❛✐♥ ❡♥ é♥❡r❣✐❡ ♥❡t✱ ♠❛✐s ❧❡♥t✳ ❈✬❡st ❛❧♦rs q✉✬é♠❡r❣❡
❧❡ ♣❛r❛❞✐❣♠❡ ❛❝t✉❡❧ ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡s ♠✐❧✐❡✉① ❝♦s♠✐q✉❡s ✿ ❧❛ ♣rés❡♥❝❡
✉♥✐✈❡rs❡❧❧❡ ❞❡s ❝❤♦❝s✳ ▼❛❣♥ét♦s♣❤ér✐q✉❡✱ ❤é❧✐♦s♣❤ér✐q✉❡✱ rés✐❞✉s ❞❡s ❙✉♣❡r♥♦✈❛✱ ◆❱P✱
s②stè♠❡s ❜✐♥❛✐r❡s✱ ❙● ❡t t♦✉t❡ ❢♦r♠❡ ❞❡ ❥❡ts✱ s❡ t❡r♠✐♥❛♥t ♣❛r ✉♥❡ ♦♥❞❡ ❞❡ ❝❤♦❝✳ ❈❡s
❞✐s❝♦♥t✐♥✉✐tés ♣♦rt❡♥t ✉♥❡ é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❝♦♥s✐❞ér❛❜❧❡ ❡t ❧❛ tr❛♥s♠❡tt❡♥t ♥❛t✉r❡❧❧❡♠❡♥t
✶✵ ✶✳✸✳ P❘❖❈❊❙❙❯❙ ❉❊ ❋❊❘▼■
❛✉① ♣❛rt✐❝✉❧❡s ❝❤❛r❣és✱ ♣♦✉r ❡♥ ❢❛✐r❡ ❞❡s ❘❛②♦♥s ❈♦s♠✐q✉❡s✳ ▲❡ ♠é❝❛♥✐s♠❡ ❞❡ ❋❡r♠✐ ■ ❢✉t
❛❧♦rs r❡✈✐❣♦ré ♣❛r ✉♥❡ sér✐❡ ❞✬❛rt✐❝❧❡s ❬✶✶✱ ✶✷❪✳ ❯♥❡ ♣r♦♣r✐été ❞✉ ♠é❝❛♥✐s♠❡ ❞❡ ❋❡r♠✐ ■ ❞❛♥s
❝❡ ❝❛❞r❡ ❡st ❞✬êtr❡ ❝❛♣❛❜❧❡ ❞❡ tr❛♥s❢ér❡r ✉♥❡ ❢r❛❝t✐♦♥ ✐♠♣♦rt❛♥t❡ ✭❧❡ ❝❤✐✛r❡♠❡♥t ❡st ❧✬✉♥
❞✬✐♥térêts ❞❡ ❝❡tt❡ t❤ès❡✮ ❞❡ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞✉ ❝❤♦❝ ❞❛♥s ❧❛ ♣❛rt✐❡ s✉♣r❛✲t❤❡r♠✐q✉❡ ❞❡s
❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✳ ▲❡s ✢♦ts ❝❤♦q✉é ❡t ❞✉ ♣ré✲❝❤♦❝ s♦♥t ❝♦♥✈❡r❣❡♥ts✱
❞♦♥t ❝❤❛❝✉♥ ❝♦♥t✐❡♥t ❞❡s ✐rré❣✉❧❛r✐tés ♠❛❣♥ét✐q✉❡s ✜❣é❡s ❞❛♥s ❧✬é❝♦✉❧❡♠❡♥t✳ ▲❛ ♣❛rt✐❡
✏❝❤❛♥❝❡✉s❡✑ ❞❡s ♣❛rt✐❝✉❧❡s q✉✐ ♣❛rt✐❝✐♣❡ ❛✉ ♣r♦❝❡ss✉s ❞❡ ✈❛✲❡t✲✈✐❡♥t ❞❡s ❞❡✉① ❝♦tés✱ ♣✉✐s❡
❣r❛❞✉❡❧❧❡♠❡♥t ❞❛♥s ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞❡s é❝♦✉❧❡♠❡♥ts✳ ▲❡ ❣❛✐♥ ❡st s②sté♠❛t✐q✉❡✳ ▲❡
rés✉❧t❛t ❡st ♣❛t❡♥t ✿ s♦✉r❝❡s é♥❡r❣ét✐q✉❡s ✈✐❛❜❧❡s✱ ❧❡s ❡①♣❧♦s✐♦♥s ❞❡s ❙✉♣❡r♥♦✈❛ ♣❡✉✈❡♥t
❛❧✐♠❡♥t❡r ❧❡ r❛②♦♥♥❡♠❡♥t ❝♦s♠✐q✉❡✳ ▲❡ ♠é❝❛♥✐s♠❡ ❛✉ ❝❤♦❝ ❡①t❡r♥❡ ❞❡ ❧❛ ❜✉❧❧❡ ❢♦r♠é❡
❢♦✉r♥✐t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ❛✈❡❝ ❧❡ ✏❜♦♥✑ ✐♥❞✐❝❡ s = −2✱
♣r♦❝❤❡ ❞❡ ❝❡❧✉✐ q✉✬♦♥ ♦❜s❡r✈❡ s✉r ❚❡rr❡✱ ✉♥❡ é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ♣♦✉r ❧❡s ♣r♦t♦♥s ❞❡ ❧✬♦r❞r❡
❞❡ 1015❡❱ ❡t ✷✻ ❢♦✐s ♣❧✉s ❣r❛♥❞❡ ♣♦✉r ❧❡s ♥♦②❛✉① ❞❡ ❋❡r ✭❧❡s ♣❧✉s st❛❜❧❡s ❞✉ t❛❜❧❡❛✉
♣ér✐♦❞✐q✉❡✮✳
❈❡ ♥✬❡st ♣♦✉rt❛♥t ♣❛s s❛t✐s❢❛✐s❛♥t ♣♦✉r r❡♥❞r❡ ❝♦♠♣t❡ ❞✉ s♣❡❝tr❡ ❡♥t✐❡r ❞❡s ❘❛②♦♥s
❈♦s♠✐q✉❡s✱ s✬ét❡♥❞❛♥t ❥✉sq✉❡ 1021❡❱✳ ❯♥❡ é✈❡♥t✉❛❧✐té ♣♦✉r ❢♦✉r♥✐r ❧❡s ♣❛rt✐❝✉❧❡s ❛✉ss✐
é♥❡r❣ét✐q✉❡s ❡st ❞❡ ❝♦♥s✐❞ér❡r ❧❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s✱ ♣❧✉s ✈✐♦❧❡♥ts✳
✶✳✸✳✷ ❉❛♥s ❧❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s
▲✬❛❞❛♣t❛t✐♦♥ ❞✉ ♠é❝❛♥✐s♠❡ ❞❡ ❋❡r♠✐ ■ ❛✉① ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❛ été ✐♥✐t✐é❡ ❞❛♥s ❧❡s
❛♥♥é❡s ✾✵ ❡t ❝♦♥❝❡♣t✉❡❧❧❡♠❡♥t st❛❜✐❧✐sé❡ ❛✉ ♠✐❧✐❡✉ ❞❡s ❛♥♥é❡s ✷✵✵✵✳ ❈✐t♦♥s ❧❡s tr❛✈❛✉① ❞❡
P❡❛❝♦❝❦ ❬✶✸❪✱ ❱✐❡tr✐ ❬✶✹❪✱ ❇❡r♥❛r③ ✫ ❖str♦✇s❦✐ ❬✶✺❪✱ ●❛❧❧❛♥t ✫ ❆❝❤t❡r❜❡r❣ ❬✶✻❪✱ ❆❝❤t❡r❜❡r❣
❡t ❛❧✳ ❬✶✼❪✱ ▲❡♠♦✐♥❡ ✫ P❡❧❧❡t✐❡r ❬✶✽❪✱ ❊❧❧✐s♦♥ ✫ ❉♦✉❜❧❡ ❬✶✾❪✱ ◆✐❡♠❡❝ ❡t ❛❧✳ ❬✷✵❪✱ ▲❡♠♦✐♥❡
❡t ❛❧✳ ❬✷✶❪✳ ❖♥ tr♦✉✈❡ ❞❛♥s ❝❡s ❛rt✐❝❧❡s ❧✬ét✉❞❡ ❞ét❛✐❧❧é❡ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✬❛❝❝é❧ér❛t✐♦♥
❞❛♥s ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ♣❛rt✐❝✉❧❡✲t❡st s❛♥s rétr♦✲❛❝t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s s✉r ❧❡s
❝❤❛♠♣s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s✳ ▲❛ ❞✐✛ér❡♥❝❡ ♣❛r r❛♣♣♦rt ❛✉① ❝❤♦❝s ♥♦♥✲r❡❧❛t✐✈✐st❡s ❡st ✉♥❡
❛♥✐s♦tr♦♣✐❡ ✐♥❞✉✐t❡ ♣❛r ❧❡s ❡✛❡ts r❡❧❛t✐✈✐st❡s ❡t ❧❛ ✈✐t❡ss❡ ❞✉ ❝❤♦❝ q✉✐ ♥❡ ♣❡r♠❡t ♣❛s ❞✬❛♣✲
♣r♦①✐♠❡r ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❝♦♠♠❡ ✐s♦tr♦♣❡s✳ ❱✐❡tr✐ ❬✶✹❪ ♣r♦♣♦s❡ q✉❡ ❧❡ ❣❛✐♥ ♣❛r
❝②❝❧❡ ❛♠♦♥t → ❛✈❛❧ → ❛♠♦♥t s✬❛❝❝♦♠♣❛❣♥❡ ❞✬✉♥ ❣❛✐♥ ❡♥ é♥❡r❣✐❡ Efin/Einit ≃ γ2sh✳ P♦✉r
✉♥ ❝❤♦❝ ✉❧tr❛✲r❡❧❛t✐✈✐st❡ γsh ≫ 1 ❡t ❝❡ ❣❛✐♥ ❡st ❝♦♥s✐❞ér❛❜❧❡✱ ✐❧ s✉✣t ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s
❞❡ ❝②❝❧❡s ♣♦✉r q✉❡ ❧❛ ♣❛rt✐❝✉❧❡s ❛tt❡✐❣♥❡ ❧✬é♥❡r❣✐❡ ❞❡s ❯❍❊❈❘✳ ❚♦✉t❡❢♦✐s✱ ●❛❧❧❛♥t ✫ ❆❝❤✲
t❡r❜❡r❣ ❬✶✻❪ s♦✉❧✐❣♥❡♥t ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬❛♥✐s♦tr♦♣✐❡ ❞❡s ♣❛rt✐❝✉❧❡s s✉♣r❛✲t❤❡r♠✐q✉❡s ❡♥
❛♠♦♥t ❞✉ ❢r♦♥t✳ ❈❡ ❞❡r♥✐❡r r❛ttr❛♣❡ ❧❡s ♣❛rt✐❝✉❧❡s très r❛♣✐❞❡♠❡♥t ❡t ❝♦♥✜♥❡ ❧❡✉r ❞✐str✐✲
❜✉t✐♦♥ ❞❛♥s ✉♥ ❝ô♥❡ étr♦✐t ❛✉t♦✉r ❞❡ ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝ ✭∆θ ∼ 1/γsh✮✳ ❊♥ r❡♣r❡♥❛♥t ❧❡s
❝♦♥❞✐t✐♦♥s ❞❡ ♣❛ss❛❣❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞✬✉♥ ❝ôté à ❧✬❛✉tr❡ ❞✉ ❝❤♦❝✱ ❝❡s ❛✉t❡✉rs tr♦✉✈❡♥t
q✉❡ ❧❡ ❣❛✐♥ ❡st ❡♥ γ2sh s❡✉❧❡♠❡♥t ❛✉ ♣r❡♠✐❡r ❝②❝❧❡ ❡t ❡st ré❞✉✐t à Efin/Einit ≃ 2 à t♦✉s ❧❡s
❝②❝❧❡s s✉✐✈❛♥ts✳ ❈❡❧❛ r❡♥❞ ❧❡ ♣r♦❝❡ss✉s ♣❧✉s ❧❡♥t ❡t ❧✬❛❝❝ès ❛✉① ♣❧✉s ❤❛✉t❡s é♥❡r❣✐❡s ♣❧✉s
❈❍❆P■❚❘❊ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆ ✶✶
❞✐✣❝✐❧❡✱ ét❛♥t ❞♦♥♥é ❧❡ ❞✉ré❡ ❞❡ ✈✐❡ ✜♥✐❡ ❞✉ ❝❤♦❝✳ ❈❡tt❡ ❛♥✐s♦tr♦♣✐❡ ❡st ✐❧❧✉stré❡ ❞❛♥s
❧❛ ❋✐❣✉r❡ ❞❡ ❣❛✉❝❤❡ ❞❡ ❋✐❣✳✶✳✺✱ t✐ré❡ ❞❡ ❬✶✼❪✳ ▲♦rsq✉❡ ❧❡s ♣❛rt✐❝✉❧❡s r❡✈✐❡♥♥❡♥t ❞❡ ❧✬❛✈❛❧
✈❡rs ❧✬❛♠♦♥t ❞✉ ❝❤♦❝ ❧❡✉r ❞✐str✐❜✉t✐♦♥ ❡st ❝♦♥✜♥é❡ ❞❛♥s ✉♥ ❝ô♥❡ ∆θ ∼ 1/γsh ❛✉t♦✉r ❞❡
❧❛ ❞✐r❡❝t✐♦♥ ♥♦r♠❛❧❡ ❛✉ ❢r♦♥t ❞❡ ❝❤♦❝✳ ■❧ s✉✣t ❞✬✉♥ ♣❡t✐t❡ ❞é✢❡①✐♦♥ ∼ 1/γsh ♣♦✉r q✉✬❡❧❧❡s
s♦✐❡♥t r❛ttr❛♣é❡s ♣❛r ❧❡ ❢r♦♥t✳ ▲✬✐♥❞✐❝❡ s♣❡❝tr❛❧ ♦❜t❡♥✉ r❡st❡ ♣♦✉rt❛♥t ♣r♦❝❤❡ ❞❡ ❝❡❧✉✐
❞❡s ❝❤♦❝s ♥♦♥✲r❡❧❛t✐✈✐st❡s s ≃ 2.23 ❬✶✺✱ ✶✼✱ ✶✽❪ ❡t ♣♦rt❡ ❛ ❝r♦✐r❡ q✉❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❛✉①
❝❤♦❝s r❡❧❛t✐✈✐st❡s ❡t ♣r♦♠❡tt❡✉s❡ ♣♦✉r r❡♥❞r❡ ❝♦♠♣t❡ ❞❡s ❯❍❊❈❘s✱ ❞♦♥t ❧❛ ❞✐str✐❜✉t✐♦♥
s♣❡❝tr❛❧❡✱ ♦❜s❡r✈é❡ s✉r ❚❡rr❡✱ ❡st ♣r♦❝❤❡ ❞❡ ❝❡t ✐♥❞✐❝❡ ✭t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❧❛ ♠♦❞✐✜❝❛t✐♦♥
❞✉ s♣❡❝tr❡ ❧♦rs ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❧❛ s♦✉r❝❡ ✈❡rs ❧✬♦❜s❡r✈❛t❡✉r✮ ✳ ❉❛♥s ❧❛
✜❣✉r❡ ❞❡ ❞r♦✐t❡ ❞❡ ❋✐❣✳ ✶✳✺ ❧❡ ❝❛❧❝✉❧ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ à ❝❤❛q✉❡ ❝②❝❧❡ ❞✬❛❝❝é❧é✲
r❛t✐♦♥ ❡st ✐❧❧✉stré ✭t✐ré ❞❡ ❬✶✽❪✮✳ ▲❡✉r s♦♠♠❡ ❝♦♥❞✉✐t à ❧✬✐♥❞✐❝❡ s♣❡❝tr❛❧ s ≃ 2.23✳ ❯♥ ❛✉tr❡
♣♦✐♥t ✐♠♣♦rt❛♥t✱ ❞é❣❛❣é ♣❛r ❬✷✷✱ ✷✶❪✱ ❡st q✉❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❡st ✐♥♦♣ér❛♥t❡ ❛✉✲❞❡❧à ❞✉ ♣r❡✲
♠✐❡r ❝②❝❧❡ s✐ s❡✉❧ ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ré❣✉❧✐❡r B0 ❡st ♣rés❡♥t ♦✉ ❜✐❡♥ ✉♥❡ t✉r❜✉❧❡♥❝❡
♣ré❡①✐st❛♥t❡ ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ✭❝♦♠♣r✐♠é❡ ♣❛r ❧❡ ❝❤♦❝✮✳ ▲✬♦r✐❣✐♥❡ ❞❡ ❝❡
✈❡rr♦✉✐❧❧❛❣❡ ✈✐❡♥t ❞✬✉♥❡ ❢♦rt❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ♣❛ss❛❣❡ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡
❧✬❛♠♦♥t ✈❡rs ❧✬❛✈❛❧ ❡t ❧❡ t❡♠♣s✱ tr♦♣ ❧♦♥❣✱ q✉✬❡❧❧❡s ♠❡tt❡♥t à r❛ttr❛♣❡r ❧❡ ❢r♦♥t✳ ▲❡s ♣❛rt✐✲
❝✉❧❡s s♦♥t ❛❧♦rs ❛❞✈❡❝té❡s ♣❛r ❧❡ ✢♦t ❛✈❛❧ s❛♥s ♣♦✉r✈♦✐r r❛ttr❛♣❡r ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝✳ ❆✐♥s✐✱
❝❡s ❛✉t❡✉rs s✉❣❣èr❡♥t ❧✬✐♠♣♦rt❛♥❝❡ ❞✬✉♥❡ ❢♦rt❡ t✉r❜✉❧❡♥❝❡ à ♣❡t✐t❡ é❝❤❡❧❧❡ ❞❡ ✈❛r✐❛t✐♦♥
✭♣❧✉s ♣❡t✐t❡ q✉❡ ❧❡ r❛②♦♥ ❞❡ ▲❛r♠♦r ❞❡s ♣❛rt✐❝✉❧❡s✮ ♣♦✉r q✉❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ♣✉✐ss❡ ❢♦♥❝✲
t✐♦♥♥❡r✳ ▲❛ ❝♦♠♣❧✐❝❛t✐♦♥ ✈✐❡♥t ❞✉ ❢❛✐t q✉✬✉♥❡ t❡❧❧❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ❡st ❡♥❝❧❡♥❝❤é❡ ♣❛r
❧❡s ♣❛rt✐❝✉❧❡s ❛❝❝é❧érés ❡❧❧❡s✲♠ê♠❡s ❡t ❧❡ t♦✉t ❞❡✈✐❡♥t ❢♦rt❡♠❡♥t ♥♦♥✲❧✐♥é❛✐r❡✳ ▲✬❛♣♣r♦①✐✲
♠❛t✐♦♥ ♣❛rt✐❝✉❧❡✲t❡st ❡st ♥♦♥✲✈❛❧❛❜❧❡ ❞❛♥s ❝❡ ❝❛s✳ ❯♥ ❛♣♣r♦❝❤❡ ❝✐♥ét✐q✉❡ ❞✉ ♣r♦❜❧è♠❡ ❡st
❛❧♦rs r❡q✉✐s❡ ❞♦♥t ❧❛ ❞✐s❝✉ss✐♦♥ ❡♥ ❞ét❛✐❧ s❡r❛ ♣rés❡♥té❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✷✳
✶✳✸✳✸ ◗✉❡st✐♦♥s r❡❧❛t✐✈❡s ❛✉① ❝❤♦❝s r❡❧❛t✐✈✐st❡s
❉❛♥s ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ s❛ t❤ès❡✱ ❈✳ ❍❡❞❡❞❛❧ ❬✷✸❪ ❡①♣♦s❡ ✺ ♣r♦❜❧è♠❡s ❞❛♥s ❧❛ t❤é♦r✐❡
❞❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ❋❡r♠✐ ❛✉① ❝❤♦❝s✳ ❆ ♠♦♥ ❛✈✐s✱ ❝❤❛❝✉♥ ❞❡ ❝❡s ♣r♦❜❧è♠❡s ❛✱ ❞❡♣✉✐s✱
r❡ç✉ s✐♥♦♥ ✉♥❡ s♦❧✉t✐♦♥✱ ❞✉ ♠♦✐♥s ✉♥❡ ❡①♣❧✐❝❛t✐♦♥ ♣❛rt✐❡❧❧❡✳ ■❧ ❡st ✐♥str✉❝t✐❢ ❞❡ r❡♣r❡♥❞r❡
❝❡s ♣r♦❜❧è♠❡s ✉♥ ♣❛r ✉♥ ♣♦✉r ✈♦✐r ❝♦♠♠❡♥t ❝❡ ❞♦♠❛✐♥❡ ❛ é✈♦❧✉é ❡♥ ♠♦✐♥s ❞❡ ✶✵ ❛♥s✳
✶✳ ▲❡ ♠é❝❛♥✐s♠❡ ♥✬❡st ♣❛s é❧✉❝✐❞é à ♣❛rt✐r ❞❡s ❧♦✐s ♣❤②s✐q✉❡s ❞❡ ❜❛s❡✳ ▲✬❛❝❝é❧ér❛t✐♦♥
❡st t♦✉❥♦✉rs ét✉❞✐é❡ ❡♥ ❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s✲t❡st✱ s❛♥s t❡♥✐r ❝♦♠♣t❡ ❞❡ ❧❡✉r
rétr♦❛❝t✐♦♥ s✉r ❧❡s ❝❤❛♠♣s✳ ❆ ❧✬❛✐❞❡ ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ✑❛❜✲✐♥✐t✐♦✑ ❆✳ ❙♣✐t❦♦✈s❦②
❬✷✹❪ ❡t ❞✐✛ér❡♥ts ❣r♦✉♣❡s ♣❛r ❧❛ s✉✐t❡ ❬✷✺✕✷✽❪ ♦♥t ♠✐s ❡♥ é✈✐❞❡♥❝❡ q✉❡ ❧❡ ♠é❝❛♥✐s♠❡
❢♦♥❝t✐♦♥♥❡ ❞❡ ♠❛♥✐èr❡ ❛✉t♦✲❝♦♥s✐st❛♥t❡ ❞❛♥s ✉♥ ❝❤♦❝ r❡❧❛t✐✈✐st❡ à ❢❛✐❜❧❡ ♠❛❣♥ét✐✲
s❛t✐♦♥✳ ▲❛ ♣❛rt✐❡ ❛❝❝é❧éré❡ ❢♦r♠❡ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ dN/dǫ ∝ ǫ−s✱
♦ù ǫ ❡st ❧✬é♥❡r❣✐❡ ❞❡s ♣❛rt✐❝✉❧❡s ❡t s ❡st ❧✬✐♥❞✐❝❡ s♣❡❝tr❛❧✳ ▲❛ ✈❛❧❡✉r ❞❡ ❝❡t ✐♥❞✐❝❡✱
❞é❞✉✐t❡ ❞❡s s✐♠✉❧❛t✐♦♥s P■❈✱ ❡st ∼ 2.4 ❝❡ q✉✐ ❡st très ♣r♦❝❤❡ ❞❡ ❝❡❧❧❡ q✉✐ ❢✉t ❞é✲
✶✷ ✶✳✸✳ P❘❖❈❊❙❙❯❙ ❉❊ ❋❊❘▼■
✭❛✮ ❆❝❤t❡r❜❡r❣ ❡t ❛❧✳ ❬✶✼❪
Power‐Law 
✭❜✮ ▲❡♠♦✐♥❡ ✫ P❡❧❧❡t✐❡r ❬✶✽❪
❋✐❣✳ ✶✳✺✿ ❋✐❣✉r❡ ❞❡ ❣❛✉❝❤❡ ❬✶✼❪ ✿ P♦s✐t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡ ♣❧❛♥ γshβx✲γshβy ❧♦rs✲
q✉✬❡❧❧❡s s♦♥t r❛ttr❛♣é❡s ♣❛r ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r ❧♦❝❛❧✐s❛t✐♦♥ q✉❛♥❞ ❡❧❧❡s
❡♥tr❡♥t ❞❡ ❧✬❛✈❛❧ ✈❡rs ❧✬❛♠♦♥t✳ ▲❛ ♣♦s✐t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❡st ♣rés❡♥té❡ s♦✉s ❢♦r♠❡ ❞❡ ❝❡r❝❧❡s
❝♦♥❝❡♥tr✐q✉❡s ❞❛♥s ❧❡ ❝♦♥❡ ❞❡ ♣❡rt❡s ❛✉t♦✉r ❞❡ ❧❛ ❞✐r❡❝t✐♦♥ ♥♦r♠❛❧❡ ❛✉ ❢r♦♥t ✭❞✐r❡❝t✐♦♥
y✮✳ ▲❡ ❝❡r❝❧❡ ❡♥ ♣♦✐♥t✐❧❧é❡s ❞❡ r❛②♦♥ γshβ⊥ = 1 ❈♦rr❡s♣♦♥❞ ❛✉ ❜♦r❞ ❞✉ ❝♦♥❡ ❞❡s ♣❡rt❡s✳
▲❡s ❝❡r❝❧❡s ❝♦♥❝❡♥tr✐q✉❡s ♦♥t ❧❡s r❛②♦♥s γshβ⊥i = [0, 0.1, 0.2, ..., 0.9, 0.95] ✭❧✐❣♥❡s ♣❧❡✐♥❡s✮✳
▲✬♦r✐❣✐♥❡ βxi = βyi = 0✱ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥❡ ♣❛rt✐❝✉❧❡ q✉✐ ❡♥tr❡ ❡♥ ❛♠♦♥t ❧❡ ❧♦♥❣ ❞❡ ❧❛
♥♦r♠❛❧❡✱ ❝♦♥❞✉✐t ❛✉ r❡t♦✉r ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✈❡rs ❧✬❛✈❛❧ ❛✈❡❝ βxf = 0✱ γshβyf =
√
3 ❀ s♦✉s
❧✬❡✛❡t ❞❡ ❣✐r❛t✐♦♥ ❛✉t♦✉r ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❝♦♥st❛♥t B0✳ ▲❛ ❞é✢❡①✐♦♥ ❧❛ ♣❧✉s ❣r❛♥❞❡
s❡ ♣r♦❞✉✐t ♣♦✉r ❧❡s ♣❛rt✐❝✉❧❡s ❛✈❡❝ βyi < 0 ❡t βxi = 0✱ ❛✈❡❝ ❧❛ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❡
❝❛s γshβyi = −1✳ ❈❡❝✐ ✐❧❧✉str❡ ❧❛ ❢♦rt❡ ❛♥✐s♦tr♦♣✐❡ ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❡♥ ❛♠♦♥t
❞✉ ❝❤♦❝✳ ❋✐❣✉r❡ ❞❡ ❞r♦✐t❡ ❬✶✽❪ ✿ ✐❧❧✉str❡ ❧❛ s✉♣❡r♣♦s✐t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s
♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s à ❝❤❛q✉❡ ❝②❝❧❡ ❞❡ ❋❡r♠✐ ✭❛♠♦♥t→ ❛✈❛❧→ ❛♠♦♥t✮ ♣♦✉r ✉♥ ❝❤♦❝ ❛✈❡❝
γsh = 100✳ ❈❡tt❡ ❞✐str✐❜✉t✐♦♥ ✈✐❡♥t ❞✉ ❝❛❧❝✉❧✱ s✉♣♣♦s❛♥t q✉✬✐❧ ♥✬② ❛ ♣❛s ❞❡ ❝❤❛♠♣ ♠❛✲
❣♥ét✐q✉❡ ♠♦②❡♥✱ s❡✉❧❡♠❡♥t ✉♥❡ ❝♦♠♣♦s❛♥t❡ t✉r❜✉❧❡♥t❡ δB✳ ❈♦♠♠❡ ❧✬✐❧❧✉str❡ ❧❛ ✜❣✉r❡✱ ❧❛
s✉♣❡r♣♦s✐t✐♦♥ ❝♦♥❞✉✐t à ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ f(ǫ) ∝ ǫ−s ❞✬✐♥❞✐❝❡ s ≃ 2.2✳
❞✉✐t❡ ❞✬❛♣rès ❧❡s ét✉❞❡s ❛♥❛❧②t✐q✉❡s ❡t s✐♠✉❧❛t✐♦♥s ❡♥ ❛♣♣r♦①✐♠❛t✐♦♥ ♣❛rt✐❝✉❧❡s✲t❡st
❬✶✺✱ ✶✼✱ ✶✽✱ ✷✾❪✳ ❈❡tt❡ ❞é♠♦♥str❛t✐♦♥ ♠♦♥tr❡ ✉♥❡ ♣r❡♠✐èr❡ ❢♦✐s ♦ù ❧❡ ♠é❝❛♥✐s♠❡ ❞❡
❋❡r♠✐ ❡st ❢♦♥❝t✐♦♥♥❡❧ ❞❡ ♠❛♥✐èr❡ ❛✉t♦✲❝♦♥s✐st❛♥t❡ ❞❛♥s ❧❡ ❝❤♦❝✱ s❛♥s ❛✉❝✉♥❡ ❛♣✲
♣r♦①✐♠❛t✐♦♥ s✉r ❧❡s ❝❤❛♠♣s t✉r❜✉❧❡♥ts✳
❈♦♥❝❧✉s✐♦♥ ✿ ▲❛ ♥♦♥✲❧✐♥é❛r✐té ❛✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ à ♠❛❣♥ét✐s❛t✐♦♥ ❢❛✐❜❧❡ ❝♦♥❞✉✐t à
❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ❋❡r♠✐ ❞❡ ♠❛♥✐èr❡ ❛✉t♦✲❝♦♥s✐st❛♥t❡✳ ▲❡ ♣♦✉rq✉♦✐ ❞❡s ❜✐❧❛♥s é♥❡r❣é✲
t✐q✉❡s r❡st❡ ✉♥❡ q✉❡st✐♦♥ ♦✉✈❡rt❡✱ t♦✉t ❛✉t❛♥t q✉❡ ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❛tt❡✐❣♥❛❜❧❡
❈❍❆P■❚❘❊ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆ ✶✸
❞❛♥s ❝❡s ❝❤♦❝s✳
✷✳ ■♥t❡r♣rét❛t✐♦♥ ♣❛r ❧✬é♠✐ss✐♦♥ s②♥❝❤r♦tr♦♥ st❛♥❞❛r❞ ❞❡s ré♠❛♥❡♥❝❡s ❞❡s ❙● ✭✏❛❢t❡r✲
❣❧♦✇s✑✮✳ ❖r✱ ❧❡ ❝❤❛♠♣s ♠❛❣♥ét✐q✉❡ ♥❡ ❞❡✈r❛✐t ♣❛s êtr❡ ❝♦♥st❛♥t ❡t ré❣✉❧✐❡r à ❣r❛♥❞❡
é❝❤❡❧❧❡✱ ❝♦♠♠❡ ❧✬é♠✐ss✐♦♥ s②♥❝❤r♦tr♦♥ st❛♥❞❛r❞ ❡①✐❣❡✳ ▲❡ ❝❤❛♠♣ ❡st ♣❧✉tôt t✉r❜✉✲
❧❡♥t à ♣❡t✐t❡ é❝❤❡❧❧❡ ❡t ❧❡ r❛②♦♥♥❡♠❡♥t ❞♦✐t êtr❡ ❞✐✛ér❡♥t✳ ❆✉ ❧✐❡✉ ❞✬❡✛❡❝t✉❡r ✉♥❡
❣✐r❛t✐♦♥ ré❣✉❧✐èr❡ ❧❡s ♣❛rt✐❝✉❧❡s s❡ ♣r♦♣❛❣❡♥t ❞❡ ♠❛♥✐èr❡ ❞és♦r❞♦♥♥é❡ ❞❛♥s ❧❡✉r
❝ô♥❡ ❞✬é♠✐ss✐♦♥✱ ❝❡ q✉✐ ❛♠è♥❡ à é✈♦q✉❡r ✉♥ r❛②♦♥♥❡♠❡♥t ❞❡ t②♣❡ jitter ❛✜♥ ❞❡
r❡♣r♦❞✉✐r❡ ❧❡ s♣❡❝tr❡ ❞❡s ré♠❛♥❡♥❝❡s ✭✐✳❡✳ t❤é♦r✐❡ ❞❡ ▼❡❞✈❡❞❡✈ ❬✸✵❪✮✳ ❚♦✉t❡❢♦✐s✱ ❞❡s
tr❛✈❛✉① ré❝❡♥ts ❞❡ ❉❡r✐s❤❡✈ ❬✸✶❪✱ ▲❡♠♦✐♥❡ ❬✸✷❪ ❡t ❙✐r♦♥✐ ❡t ❛❧✳ ❬✸✸❪ ♠♦♥tr❡♥t q✉❡
❧❡ r❛②♦♥♥❡♠❡♥t ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❞❛♥s ✉♥❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡ ♣❡✉t
t♦✉t à ❢❛✐t ❛❥✉st❡r ❧❡s ♦❜s❡r✈❛t✐♦♥s ♣✉✐sq✉❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ t✉r❜✉❧❡♥t ❡st ❛ss❡③
✐♥t❡♥s❡ ♣♦✉r r❛♣✐❞❡♠❡♥t ❞é✢é❝❤✐r ❧❡s ♣❛rt✐❝✉❧❡s ❡♥ ❞❡❤♦rs ❞✉ ❝ô♥❡ ❞✬é♠✐ss✐♦♥✱ très
étr♦✐t ♣♦✉r ❧❡s é❧❡❝tr♦♥s ❞❡ ❤❛✉t❡ é♥❡r❣✐❡ ∼ 1/γ✱ ♠✐♠❛♥t ❛✐♥s✐ ❧✬❡✛❡t ❞✬✉♥ ❝❤❛♠♣
ré❣✉❧✐❡r✳ P❛s ❜❡s♦✐♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ré❣✉❧✐❡r à ❣r❛♥❞❡ é❝❤❡❧❧❡✱ s✐ ❧❡s é❧❡❝tr♦♥s
r❛②♦♥♥❡♥t ❞❡ ♣ré❢ér❡♥❝❡ ❞❛♥s ✉♥❡ ♣❡t✐t❡ ré❣✐♦♥ ❛✉t♦✉r ❞✉ ❝❤♦❝ ♦ù ❧❡ ❝❤❛♠♣ ♠❛✲
❣♥ét✐q✉❡ ❡st très ❢♦rt ❡t s♦♥t ❞✐✛✉sés ❞❛♥s ❧❡s ré❣✐♦♥s ♣❧✉s é❧♦✐❣♥é❡s ❞✉ ❝❤♦❝ ♦ù
❧❡ ❝❤❛♠♣ ❡st ♣❧✉s ❢❛✐❜❧❡✳ ❈❡rt❛✐♥s ❛s♣❡❝ts ❞✉ s♣❡❝tr❡ ♦❜s❡r✈é ♥❡ s♦♥t t♦✉❥♦✉rs ♣❛s
❡①♣❧✐q✉és ❞❡ ♠❛♥✐èr❡ s❛t✐s❢❛✐s❛♥t❡ ✭♥♦t❛♠♠❡♥t ❧❛ ♣❛rt✐❡ ❞❡s ❜❛ss❡s ❢réq✉❡♥❝❡s ♦ù ❧❡
r❛②♦♥♥❡♠❡♥t s②♥❝❤r♦tr♦♥ ❝❧❛ss✐q✉❡ ♥❡ ♠❛r❝❤❡ ♣❛s✮ ❡t ❧❛ ❞✐s❝✉ss✐♦♥ r❡st❡ ♦✉✈❡rt❡✳
✸✳ ▲❡ ♠é❝❛♥✐s♠❡ ❛✉① ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❞❡♠❛♥❞❡ ✉♥❡ ♣ré✲❛❝❝é❧ér❛t✐♦♥ ✭✉♥❡ q✉❛♥t✐té ❞❡s
♣❛rt✐❝✉❧❡s ❞é❥à ❛❝❝é❧éré❡s ❡♥ ❞❡❤♦rs ❞✉ ❝❤♦❝✮ ❡t ❛✉ss✐ ✉♥❡ ❢r❛❝t✐♦♥ ❞✬é♥❡r❣✐❡ ✐♠♣♦r✲
t❛♥t❡ ❞❛♥s ❧❡s é❧❡❝tr♦♥s ❛❝❝é❧érés ✭ξe ❣r❛♥❞✱ ✐✳❡✳ ❢r❛❝t✐♦♥ ❞❛♥s ❧❡s é❧❡❝tr♦♥s ❛❝❝é❧érés
♣❛r r❛♣♣♦rt à ❧✬é♥❡r❣✐❡ t♦t❛❧❡✮✳ ❈♦♠♠❡♥t ❄ ❉❛♥s ❧❡s ❝❤♦❝s é❧❡❝tr♦♥s✲♣r♦t♦♥s✱ ✐❧ ❛ été
♠♦♥tré q✉❡ ❧❡s é❧❡❝tr♦♥s s❡ ♠❡tt❡♥t ❡♥ s✉❜✲éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ♣r♦t♦♥s ❬✸✹✱ ✷✼❪✳
P❛r ❧❛ s✉✐t❡✱ ❧❡s é❧❡❝tr♦♥s s♦♥t ❛❝❝é❧érés ❞❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡ q✉❡ ❧❡s ♣r♦t♦♥s✱ ♣❛r
❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❋❡r♠✐✱ s✐ σ ≪ 1✳ ▲❛ q✉❡st✐♦♥ ❞✬✐♥❥❡❝t✐♦♥ ♥❡ s❡ ♣♦s❡ ❞♦♥❝ ♣❧✉s✱ ❝❛r
♦♥ ♣✉✐s❡ ❞✐r❡❝t❡♠❡♥t à ♣❛rt✐r ❞❡ ❧❛ ♣❛rt✐❡ ♠❛①✇❡❧❧✐❡♥♥❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉✲
t✐♦♥ ♣♦✉r ❢♦r♠❡r ✉♥❡ ❧♦✐ ❡♥ ♣✉✐ss❛♥❝❡✳ ▲❛ ❢r❛❝t✐♦♥ ❞✬é♥❡r❣✐❡ ❞é❞✉✐t❡ ❞❡s s✐♠✉❧❛t✐♦♥
❡st ♣r♦❝❤❡ ❞❡ ξe ∼ 0.1✱ ❝❡ q✉✐ ❡st ❛ss❡③ ❢❛✐❜❧❡✱ ♠❛✐s s✉✣s❛♥t ♣♦✉r ❡①♣❧✐q✉❡r ❧❡
r❛②♦♥♥❡♠❡♥t ❞❡s ré♠❛♥❡♥❝❡s ❞❡s ❙●✳
✹✳ ❈❛s ❞✉ ❝❤♦❝ t❡r♠✐♥❛❧ ❞❛♥s ❧❛ ♥é❜✉❧❡✉s❡ ❞✉ ❈r❛❜❡ ✭▼❡ss✐❡r ✶✮ ✿ ❧❡s é❧❡❝tr♦♥s ❞❡ ❜❛ss❡
é♥❡r❣✐❡ é♠❡tt❡♥t s✉✐✈❛♥t ✉♥❡ ❧♦✐ ❡♥ ♣✉✐ss❛♥❝❡ ❡♥ é♥❡r❣✐❡ 1.3 ≥ s ≥ 1.1✳ ❈❡✉① ❞❡
♣❧✉s ❤❛✉t❡ é♥❡r❣✐❡ é♠❡tt❡♥t ❛✈❡❝ s ≃ 2.2 q✉✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ t❤é♦r✐❡ ❞✬❛❝❝é❧ér❛✲
t✐♦♥ ❛✉ ❝❤♦❝✳ P❧✉s✐❡✉rs ♠♦❞è❧❡s ♦♥t été ♣r♦♣♦sé❡s ♣♦✉r ❡①♣❧✐q✉❡r ❝❡ ❝♦♠♣♦rt❡♠❡♥t✳
❈✐t♦♥s ♣❛r ❡①❡♠♣❧❡ ❧❡ tr❛✈❛✐❧ ❞❡ ❙✐r♦♥✐ ✫ ❙♣✐t❦♦✈s❦② ❬✸✺❪✳ ❆ ❧✬❛✐❞❡ ❞❡s s✐♠✉❧❛t✐♦♥s
P■❈ ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ s❡ ♣r♦♣❛❣❡❛♥t ❞❛♥s ❧❡ ✈❡♥t str✐é ❞✉ ♣✉❧s❛r ✭❧❡ ❝❤❛♠♣ ♠❛✲
❣♥ét✐q✉❡ ❡st ❛❧t❡r♥❛t✐❢✱ ❞❡ sé♣❛r❛t✐♦♥ λ ❡♥tr❡ ❧❡s str✐❡s✮✳ ▲❡ ❝❤♦❝ ♣r♦✈♦q✉❡ ❛❧♦rs ✉♥❡
✶✹ ✶✳✸✳ P❘❖❈❊❙❙❯❙ ❉❊ ❋❊❘▼■
r❡❝♦♥♥❡①✐♦♥ ❞❡s ❧✐❣♥❡s ❞✉ ❝❤❛♠♣ ❡t ♣r♦❞✉✐t ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❞✬é♥❡r❣✐❡
♠♦❞éré❡ ❛✈❡❝ ❧✬✐♥❞✐❝❡ ≃ 1.4✳ ▲❡s ♣❛rt✐❝✉❧❡s ❞❡ ♣❧✉s ❤❛✉t❡ é♥❡r❣✐❡ s♦♥t ❛❝❝é❧éré❡s
♣❛r ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❋❡r♠✐ ❡t ♦♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ❛✈❡❝ s ≃ 2.4✳
❉❛♥s ❝❡ ♠♦❞è❧❡✱ ❧❡s ♣❛rt✐❝✉❧❡s ✐ss✉❡s ❞❡ ❧❛ r❡❝♦♥♥❡①✐♦♥ é♠❡ttr❛✐❡♥t à ❜❛ss❡ é♥❡r❣✐❡
✭r❛❞✐♦✮ ❡t ❡♥ ♦♣t✐q✉❡ ❡t ❳✱ ❝❡ s♦♥t ❧❡s é❧❡❝tr♦♥s ❛❝❝é❧érés ♣❛r ❧❡ ♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐
q✉✐ é♠❡tt❡♥t✳
▲❛ q✉❡st✐♦♥ r❡st❡✱ ❡♥ t♦✉t ❝❛s✱ ♦✉✈❡rt❡ ❡t ❞é❜❛tt✉❡ ❛✉❥♦✉r❞✬❤✉✐✳
✺✳ ❍❛❧♦ ❞❡s r❛②♦♥s ❳ ❛tt❡♥❞✉ ♠❛✐s ❛❜s❡♥t ❞❡s ♦❜s❡r✈❛t✐♦♥s ❞❛♥s ❧❡s r❡st❡s ❞❡s ❙✉✲
♣❡r◆♦✈❛❡ ✭❙◆❘s✮ ✭▲♦♥❣ ❡t ❛❧✳ ✷✵✵✸✮✳ ❊♥ ❡✛❡t✱ ❧❡s é❧❡❝tr♦♥s ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❣r❛♥❞❡
é♥❡r❣✐❡ ♣❡✉✈❡♥t s✬é❧♦✐❣♥❡r ❞✬❛✈❛♥t❛❣❡ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ ❡t r❛②♦♥♥❡r ♣❛r ✐♥t❡r❛❝t✐♦♥
❛✈❡❝ ❧❡ ♠✐❧✐❡✉ ❛♠❜✐❛♥t✳ ▲❛ ♥♦♥✲♦❜s❡r✈❛t✐♦♥ ❞❡ t❡❧s ❤❛❧♦s ♣♦rt❡ ✉♥ ❞♦✉t❡ s✉r ❧✬❛❝✲
❝é❧ér❛t✐♦♥ ❡✣❝❛❝❡ ❛✉ ❝❤♦❝✳ ❈❡s ❝❤♦❝s s♦♥t ♥♦♥✲r❡❧❛t✐✈✐st❡s ♠❛✐s ❥❡ ♣♦rt❡ ❝❡ ♣♦✐♥t
❞❛♥s ❧❛ ❞✐s❝✉ss✐♦♥ ♣♦✉r s✉✐✈r❡ ❡♥t✐èr❡♠❡♥t ❧❡s r❡♠❛rq✉❡s ❞❡ ❧✬❛✉t❡✉r✳
▲✬❡①♣❧✐❝❛t✐♦♥ ♣♦ss✐❜❧❡✱ s✉❣❣éré❡ ♣❛r ❍❡❞❡❞❛❧ ❧✉✐✲♠ê♠❡✱ ❡st q✉❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥é✲
t✐q✉❡ ❡st ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❛♠♣❧✐✜é ♣rès ❞✉ ❝❤♦❝ ❡t ❞♦♥❝ ✉♥ s❛✉t ❡♥ é♠✐ss✐✈✐té
s❡r❛✐t ♣❧✉s ❛❜r✉♣t ❛✉ ♥✐✈❡❛✉ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✱ ❝♦♠♠❡ ♦❜s❡r✈é✳ ▲❡ tr❛✈❛✐❧ ❞❡ ❇❡❧❧
❬✸✻❪ s✉r ❧✬❛♠♣❧✐✜❝❛t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞❛♥s ❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝ ❛✉ ♠♦②❡♥ ❞✬✉♥❡
✐♥st❛❜✐❧✐té ♥♦♥✲rés♦♥♥❛♥t❡ ❡♥tr❡ ❧❡s r❛②♦♥s ❝♦s♠✐q✉❡s ❡t ❧❡ ✢✉✐❞❡ ❛♠♦♥t ❡st✱ ❛✉❥♦✉r✲
❞✬❤✉✐✱ ❧❛ ♣✐st❡ ❧❛ ♣❧✉s ♣❧❛✉s✐❜❧❡✳ ◆♦♠❜r❡ ❞✬♦❜s❡r✈❛t✐♦♥s ❞❡s ❙◆❘s ✏❤✐st♦r✐q✉❡s✑ ❛
été ré✐♥t❡r♣rété ❝♦♠♠❡ r❛②♦♥♥❡♠❡♥t ❞❡s é❧❡❝tr♦♥s ❛❝❝é❧érés ❛✉ ❝❤♦❝✱ ❡♥ ♣rés❡♥❝❡
❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ❛♠♣❧✐✜é ♣❛r ❧✬✐♥st❛❜✐❧✐té ❞❡ ❇❡❧❧✳ ❆✐♥s✐✱ ❧✬❛♠♣❧✐✜❝❛t✐♦♥ ❞✉
❝❤❛♠♣ ❛✉t♦✉r ❞✉ ❢r♦♥t ❡①♣❧✐q✉❡ ♥❛t✉r❡❧❧❡♠❡♥t ❧❡ s❛✉t ❜r✉sq✉❡ ❡♥ é♠✐ss✐✈✐té ❛✉
r❛②♦♥s ❳ ❛✉t♦✉r ❞✉ ❝❤♦❝✳
▲✬é✈♦❧✉t✐♦♥ ❞✉ ❞♦♠❛✐♥❡ ❝❡s ❞❡r♥✐èr❡s ❛♥♥é❡s ❛ ♣❡r♠✐s ❞❡ ré♣♦♥❞r❡ à ✉♥ ❡♥s❡♠❜❧❡
❞❡ q✉❡st✐♦♥s ♣r❡ss❛♥t❡s s✉r ❧✬❛❝❝é❧ér❛t✐♦♥ ❛✉① ❝❤♦❝s r❡❧❛t✐✈✐st❡s✳ ❊♥ ❢❛✐t✱ ❧❛ t❤é♦r✐❡ ❞❡s
❝❤♦❝s ♥♦♥✲❝♦❧❧✐s♦♥♥❡❧s r❡❧❛t✐✈✐st❡s✱ ♣r♦♣r❡♠❡♥t ❞✐t❡✱ ♥✬❡①✐st❛✐t ♣❛s ❛✈❛♥t ❝❡tt❡ ♣r❡♠✐èr❡
❞é❝❡♥♥✐❡ ❞✉ ❳❳■✲è♠❡ s✐è❝❧❡✳ ❉❡s ❛✈❛♥❝é❡s s✐❣♥✐✜❝❛t✐✈❡s ♦♥t été ré❛❧✐sé❡s ♣❛r ❝♦♥❢r♦♥t❛t✐♦♥
❡♥tr❡ ❧❡s rés✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ❡t ❧❛ t❤é♦r✐❡✳ ▼❛✐s ❞❡ ♥♦♠❜r❡✉s❡s q✉❡s✲
t✐♦♥s ❞❡♠❡✉r❡♥t✳ ▲✬❡♥s❡♠❜❧❡ ❞✬✐♥t❡rr♦❣❛t✐♦♥s ❞❛♥s ❧❡q✉❡❧ s✬❡st ✐♥s❝r✐t ❝❡tt❡ ét✉❞❡ ♣❡✉t s❡
r❡❣r♦✉♣❡r ❡♥ ❞❡✉① t②♣❡s ❞❡ q✉❡st✐♦♥s ✿ r❡❧❛t✐✈❡s à ❧❛ ♣❤②s✐q✉❡ ❞✉ ♣r♦❝❡ss✉s ❡t r❡❧❛t✐✈❡s à
s♦♥ ✐♠♣❛❝t ❡♥ ❛str♦♣❤②s✐q✉❡ ❞❡s ❤❛✉t❡s é♥❡r❣✐❡s✳
❈♦♠♠❡♥ç♦♥s ♣❛r ❧❡s q✉❡st✐♦♥s s✉r ❧❛ ♣❤②s✐q✉❡ ❞✉ ❝❤♦❝ ✿
✕ P❤é♥♦♠è♥❡ ❛✉t♦✲❝♦♥s✐st❛♥t✳ ❈♦♠♠❡♥t s❡ ❢♦r♠❡ ❧❡ ❝❤♦❝ ❛✈❡❝ ❧❛ ♠♦♥té❡ ❞❡ ❧❛
♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ❄ ◆♦t❛♠♠❡♥t✱ ❝♦♠♠❡♥t ✉♥❡ ❢r❛❝t✐♦♥ ❞❡ ♣❛rt✐✲
❝✉❧❡s ✐♥❝✐❞❡♥t❡s ❡st ré✢é❝❤✐❡ ❡t q✉❡❧❧❡ ❡st ❧❡✉r ❢r❛❝t✐♦♥ ❡♥ é♥❡r❣✐❡ ξcr ❄ ❈❡tt❡ q✉❡st✐♦♥
✈✐❡♥t ❡♥s❡♠❜❧❡ ❛✈❡❝ ❧❡ ♥✐✈❡❛✉ ❞❡ t✉r❜✉❧❡♥❝❡ ❛tt❡✐♥t ξB ❡t ❧❡ ❧✐❡♥ ♣❤②s✐q✉❡ ❡♥tr❡ ❧❡s
❞❡✉① q✉❛♥t✐tés✳
❈❍❆P■❚❘❊ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆ ✶✺
✕ ❈❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s✳ ▲❛ ré❛❧✐s❛t✐♦♥ ❞✬✉♥ t❡❧ ❝❤♦❝ s✉♣♣♦s❡ q✉❡ ❧❡s é❧❡❝tr♦♥s
s♦♥t s✉s❝❡♣t✐❜❧❡s ❞✬❛tt❡✐♥❞r❡ ❧✬éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ♣r♦t♦♥s Te ≃ Ti✳ ❈♦♠♠❡♥t ❄
✭❯♥ ♠é❝❛♥✐s♠❡ ♣❤②s✐q✉❡ ❞✬✉♥ t❡❧ ❝❤❛✉✛❛❣❡ ❡st ♣r♦♣♦sé ❞❛♥s ❝❡tt❡ t❤ès❡✱ ❈❤❛♣✐tr❡
✹✱ à tr❛✈❡rs ❧❡s ♦s❝✐❧❧❛t✐♦♥s r❡❧❛t✐✈✐st❡s ❞❡s é❧❡❝tr♦♥s ❞❛♥s ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ❞✉
♣ré❝✉rs❡✉r ❛✉ ❝❤♦❝✮✳
✕ ▼✐❝r♦✲✐♥st❛❜✐❧✐tés ♣❧❛s♠❛ r❡❧❡✈❛♥t❡s✳ ■❧ ❛ été ❞é♠♦♥tré q✉✬✉♥ ❝❤❛♠♣ ♠❛❣♥é✲
t✐q✉❡ ♠♦②❡♥ ❜❧♦q✉❡ ❧❡ ♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐ ❞❡ ♠ê♠❡ q✉❡ ❧❛ t✉r❜✉❧❡♥❝❡ ▼❍❉ à ❣r❛♥❞❡
é❝❤❡❧❧❡ ❬✷✶✱ ✷✵❪✳ ❙❡✉❧❡s ❧❡s ✐♥st❛❜✐❧✐tés ❝✐♥ét✐q✉❡s s♦♥t ❝❛♣❛❜❧❡s ❞✬❡♥tr❡t❡♥✐r ✉♥❡ t✉r✲
❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡ ❛ss❡③ ❢♦rt❡✳ ❊♥ ❞❡ss♦✉s ❞❡ q✉❡❧❧❡ ✈❛❧❡✉r ❞❡ ♠❛❣♥ét✐s❛t✐♦♥ ❧❡
♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐ s❡ ❞é✈❡❧♦♣♣❡✲t✲✐❧ ❡t ❣râ❝❡ à q✉❡❧❧❡s ♠✐❝r♦✲✐♥st❛❜✐❧✐tés ❄
✕ ❚r❛♥s♣♦rt ❞❛♥s ✉♥❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡ ✐♥t❡♥s❡ ❡♥ ♣rés❡♥❝❡
❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡✳ ▲❡s ❝❤♦❝s s❡ ♣r♦❞✉✐s❡♥t s♦✉✈❡♥t ❞❛♥s ❧❡ ♠✐✲
❧✐❡✉① ♦ù ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❡st ❜❛ss❡✳ ▲❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①tér✐❡✉r✱ ❢❛✐❜❧❡✱ ❞♦✐t
♣♦✉rt❛♥t ❛✈♦✐r ✉♥ ✐♠♣❛❝t s✉r ❧❡ tr❛♥s♣♦rt ❞❡ ♣❛rt✐❝✉❧❡s é♥❡r❣ét✐q✉❡s ♣✉✐sq✉❡ ❧❛
♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♥✬❡st ♣❛s ✉♥ ❛❣❡♥t très ❡✣❝❛❝❡ ♣♦✉r ❧❛ ❞✐✛✉s✐♦♥ ❛♥❣✉❧❛✐r❡ ❞❡s
♣❛rt✐❝✉❧❡s ❝❤❛r❣é❡s✱ ♠ê♠❡ s✐ ❡❧❧❡ ❡st très ✐♥t❡♥s❡✳ ❈♦♠♠❡♥t ❢♦♥❝t✐♦♥♥❡♥t ❧❡s ❝②❝❧❡s
❞❡ ❋❡r♠✐ ❞❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s✱ ❥✉sq✉❡s à q✉❡❧❧❡ é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ✭s❛♥s ♣ré✲✐♥❥❡❝t✐♦♥
❡①t❡r♥❡ ❞❡ ♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s✮ ❄ ▲❡s ❝❤❛♣✐tr❡s ✸ ❡t ✹ ❛✐♥s✐ q✉❡ ❧✬ét✉❞❡ ré❝❡♥t❡ ❞❡
❙✐r♦♥✐ ❡t ❛❧✳ ❬✸✸❪ s♦♥t ❞é❞✐és à ❝❡tt❡ q✉❡st✐♦♥✳
▲♦rsq✉❡ ❧❡ ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❢♦♥❝t✐♦♥♥❡✱ ❧✬✐♥❞✐❝❡ s♣❡❝tr❛❧ ❞❡ ❧❛
❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❡st ❝♦♥♥✉ s ≃ 2.2✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ✐♠♣❧✐❝❛t✐♦♥s ❡♥ ❛str♦✲
♣❤②s✐q✉❡ ❞❡s ❍❛✉t❡s ➱♥❡r❣✐❡s ❞❡✉① ♣♦✐♥ts ♦♥t ❛tt✐ré ♠♦♥ ❛tt❡♥t✐♦♥ ✿
✕ ❙❝é♥❛r✐♦ ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡s ❯❍❊❈❘✳ ❙✐ ❧❡s ❯❍❊❈❘s ✷ s♦♥t ❣é♥érés ❞❛♥s ❧❡s
❝❤♦❝s r❡❧❛t✐✈✐st❡s ❞❡s ❙●✱ ❡t ❧❡✉r ❝♦♠♣♦s✐t✐♦♥ ❡st à ❞♦♠✐♥❛♥t❡ ❞❡ ♥♦②❛✉① ❧♦✉r❞s
❝♦♠♠❡ s✉❣❣éré ♣❛r ❧❡s rés✉❧t❛ts ❞❡ ❧✬♦❜s❡r✈❛t♦✐r❡ P✳❆✉❣❡r ❬✸✼❪✱ ❛❧♦rs ♣♦✉rq✉♦✐ ② ❛
t✲✐❧ ✉♥❡ ❝♦✉♣✉r❡ à ❧✬é♥❡r❣✐❡ ∼ 1021❡❱ ❄ ❈♦♠♠❡♥t ❛rr✐✈❡✲t✲♦♥ à ❞❡ t❡❧❧❡s é♥❡r❣✐❡s ❄
❈❛r ❧❛ str✉❝t✉r❡ ✏❛❜✲✐♥✐t✐♦✑ ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ♥❡ ❧❡ ♣❡r♠❡t ♣❛s✱ ❞✬❛♣rès ❧✬❛r❣✉♠❡♥✲
t❛t✐♦♥ ❞❡ ❬✸✽✕✹✵❪ ❡t ❞❛♥s ❧❡s ❝❤❛♣✐tr❡s ✸ ❡t ✹ ❞❡ ❝❡tt❡ t❤ès❡✳ ▲❡ ♣♦✐♥t ❛ttr❛❝t✐❢ ❞✉
♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐ ❛✉① ❝❤♦❝s r❡❧❛t✐✈✐st❡s r❡st❡ ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❡❝tr❛❧❡ à ❧❛ s♦✉r❝❡
❝♦♠♣❛r❛❜❧❡ ❛✈❡❝ ❝❡❧❧❡ q✉✐ ❡st ✈✉❡ s✉r ❚❡rr❡ ❬✹✶❪ ❛✐♥s✐ q✉❡ ❧❡ ♣♦t❡♥t✐❡❧ é♥❡r❣ét✐q✉❡
à ♣❡✉ ♣rès s✉✣s❛♥t ♣♦✉r ❛❧✐♠❡♥t❡r ❧❡ ✢✉① ❡♥ ❯❍❊❈❘❙ ❬✹✷❪✱ s✐ ✉♥❡ é♥❡r❣✐❡ ❝♦♠♣❛✲
r❛❜❧❡ à ❝❡❧❧❡ ❞✉ r❛②♦♥♥❡♠❡♥t γ ❡st tr❛♥s♠✐s❡ ❛✉① ♣❛rt✐❝✉❧❡s ❞❡ ❯❧tr❛ ❍❛✉t❡ é♥❡r❣✐❡✳
❉✬✉♥ ❛✉tr❡ ♣♦✐♥t ❞❡ ✈✉❡✱ s✐ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❡st à ❞♦♠✐♥❛♥t❡ ❞❡ ♣r♦t♦♥s ✭❝♦♠♠❡ ❧❡
s✉❣❣èr❡♥t ❧❡s ♦❜s❡r✈❛t✐♦♥s ❞❡ ❍✐❘❡❙ ❬✹✸❪✮ ❛❧♦rs ❝❡✉①✲❝✐ ♣♦✉rr❛✐❡♥t êtr❡ ❛❝❝é❧érés à
❞❡s é♥❡r❣✐❡s ❛r❜✐tr❛✐r❡♠❡♥t ❣r❛♥❞❡s à ❧❛ s♦✉r❝❡✳ ❊t ❧❛ ❝♦✉♣✉r❡ ❞✉ ✢✉① q✉❡ ♥♦✉s
♦❜s❡r✈♦♥s ✈❡rs 2 · 1020❡❱ s❡r❛ ❞✉❡ à ❧❛ ❝♦✉♣✉r❡ ●❩❑ ✭●r❡③❡♥✲❩❛ts❡♣✐♥✲❑✉③♠✐♥✮✱
✷❯❧tr❛ ❍✐❣❤ ❊♥❡r❣② ❈♦s♠✐❝ ❘❛②s ✿ ♣❛rt✐❝✉❧❡s ❞✬é♥❡r❣✐❡ ♣❧✉s ❣r❛♥❞❡ q✉❡ 1018❡❱ ❞♦♥t ❧❡ ✢✉① ♠❡s✉ré
s✉r ❚❡rr❡ ❡st ❞❡ ✶ ♣❛rt✐❝✉❧❡✴❦♠2✴s✐è❝❧❡✳
✶✻ ✶✳✹✳ P▲❆◆ ❉❊ ▲❆ ❚❍➮❙❊
❝❛✉sé❡ ♣❛r ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡s ♣r♦t♦♥s ❛✈❡❝ ❧❡ r❛②♦♥♥❡♠❡♥t à ✷✳✼✸ ❑ ❞✉ ❢♦♥❞ ❞✐✛✉s
❝♦s♠♦❧♦❣✐q✉❡✱ rés✉❧t❛♥t ❡♥ ✉♥❡ ❝ré❛t✐♦♥ ❞r❛♠❛t✐q✉❡ ❞❡ ♣✐♦♥s ❛✈❡❝ ✉♥ ❤♦r✐③♦♥ ❞❡
✈✐s✐❜✐❧✐té ∼ 100▼♣❝✳
✕ ❆❝❝é❧ér❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❡t s✐❣♥❛t✉r❡s r❛❞✐❛t✐✈❡s✳ ▲❡s ❝❤♦❝s s✬❛✈èr❡♥t êtr❡
❞❡ ♣✉✐ss❛♥ts ❛❝❝é❧ér❛t❡✉rs ❞✬é❧❡❝tr♦♥s✱ ❝❛♣❛❜❧❡s ❞❡ ♣r♦❞✉✐r❡ ✉♥ r❛②♦♥♥❡♠❡♥t ❞❡
✏t②♣❡✑ s②♥❝❤r♦tr♦♥ ❥✉sq✉✬à ✶✲✶✵ ●❡❱✳ ❙✉✐✈✐ ❞✬✉♥ r❛②♦♥♥❡♠❡♥t ❙②♥❝❤r♦✲❈♦♠♣t♦♥ à
♣❧✉s ❤❛✉t❡ é♥❡r❣✐❡✱ ❡st✲❝❡ ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❄ ❈❡ ♣r♦❝❡ss✉s ❡st é✈❛❧✉é
❞❛♥s ❧❛ t❤ès❡✳
❯♥ ♣♦✐♥t ✐♠♣♦rt❛♥t✱ s✉❣❣éré ♣❛r ❧❡s s✐♠✉❧❛t✐♦♥s P■❈✱ ❡st q✉❡ ❧❡ ❝♦♥t❡♥✉ é♥❡r❣ét✐q✉❡
❞✉ ♣❧❛s♠❛ ❝❤♦q✉é ❡st ❞♦♠✐♥é ♣❛r ✉♥❡ ♣❛rt✐❡ t❤❡r♠✐q✉❡ ❡t ❧❛ ❢r❛❝t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s
❛❝❝é❧éré❡s ❡st ♠♦✐♥❞r❡ ✭ξe ≃ 0.1✮✳ ❉❛♥s ❧❡s ♦❜s❡r✈❛t✐♦♥s✱ ❧✬é✈✐❞❡♥❝❡ ❞✬✉♥❡ t❡❧❧❡
❞✐str✐❜✉t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ♥✬❛ ♣❛s été ✈✉❡ ❞❛♥s ❧❡s ré♠❛♥❡♥❝❡s ❞❡s ❙●✱ ♥✐ ❞❛♥s ❧❡s
◆❱P✳ ❊st✲❝❡ q✉❡ ❧❛ ♣❛rt✐❡ ❛❝❝é❧éré❡ ❡st t❡❧❧❡♠❡♥t ♣❧✉s ❡✣❝❛❝❡ ❞❛♥s ❧❡ r❛②♦♥♥❡♠❡♥t
s②♥❝❤r♦tr♦♥ q✉✬❡❧❧❡ ✈♦✐❧❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ❧❛ ♣❛rt✐❡ t❤❡r♠✐q✉❡ ♦✉ ❜✐❡♥ ❝❡tt❡ ❞❡r♥✐èr❡
❡st ❡♥ ré❛❧✐té ✐♥❡①✐st❛♥t❡ ❄
✶✳✹ P❧❛♥ ❞❡ ❧❛ t❤ès❡
❈❡ ♠❛♥✉s❝r✐t ❡st ❞✐✈✐sé ❡♥ ❞❡✉① ♣❛rt✐❡s✳
❉❛♥s ❧❛ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ❥❡ ♣rés❡♥t❡ ❧❡ ♠♦❞è❧❡ ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ s❛♥s
❝♦❧❧✐s✐♦♥s ✭❈❤❛♣✐tr❡ ✷✮✳ ▲❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t ❡♥ ❛♣♣r♦①✐♠❛t✐♦♥ ❤②❞r♦❞②✲
♥❛♠✐q✉❡ ❡t ❞✉ rô❧❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s ❞❛♥s ❧✬✐♥t❡r❛❝t✐♦♥ ❞✉ ♣❧❛s♠❛ s❛♥s
❝♦❧❧✐s✐♦♥s ❝♦♥st✐t✉❡ ❧❛ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❞✉ ❝❤❛♣✐tr❡✳ ❊♥s✉✐t❡ ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡s ❞✐✛ér❡♥t❡s
ré❣✐♦♥s ❞✉ ❝❤♦❝ ❡t ✉♥ ❥❡✉ ❞❡ ré❢ér❡♥t✐❡❧s q✉✐ ❧❡✉r ❡st ♥❛t✉r❡❧ ❡st ❞♦♥♥é❡✳ ▲✬✐♥tr♦❞✉❝t✐♦♥
❞❡s ✐♥st❛❜✐❧✐tés ♣❧❛s♠❛ r❡❧❡✈❛♥t❡s ❛✉① ❝❤♦❝s r❡❧❛t✐✈✐st❡s✱ ❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥ ❡t ❧✬✐♥st❛✲
❜✐❧✐té ♦❜❧✐q✉❡ à ❞❡✉① ❢❛✐s❝❡❛✉①✱ ❡st ❝❡♥tr❛❧❡ à ❧❛ str✉❝t✉r❛t✐♦♥ ❞✉ ❝❤♦❝ ✈✐❛ ❧❡s ❝❤❛♠♣s
♠✐❝r♦✲t✉r❜✉❧❡♥ts q✉✬❡❧❧❡s ❡♥❣❡♥❞r❡♥t✳ ▲✬✐♥t❡r✲❥❡✉ ❡♥tr❡ ❧❡s ♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s✱ ❧❛ t✉r❜✉✲
❧❡♥❝❡ ❡t ❧❛ ❞✐s❝♦♥t✐♥✉✐té ❞✉ ❝❤♦❝ ❝♦♠♣❧èt❡ ❧❡ ♠♦❞è❧❡ ❛❞♦♣té✳ ▲❡s ❞❡✉① ❝❤❛♣✐tr❡s s✉✐✈❛♥ts
♣♦rt❡♥t s✉r ❧✬ét✉❞❡ ❞❡ tr❛♥s♣♦rt ❞❡ ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❝❤♦q✉é ✭❈❤❛♣✐tr❡ ✸✮ ❡t ❞❛♥s
❧❡ ♠✐❧✐❡✉ ♣ré✲❝❤♦❝ ✭❈❤❛♣✐tr❡ ✹✮✳ ❈❡s ét✉❞❡s ♦♥t ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡s ❧♦✐s
❞❡ tr❛♥s♣♦rt s✐♠♣❧❡s ♣♦✉r ❧❡ tr❛♥s♣♦rt ❞❡s ♣❛rt✐❝✉❧❡s ❞❡s ❞❡✉① ❝ôtés ❞✉ ❝❤♦❝✳ ❉✬❛✉tr❡
♣❛rt✱ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✹ ✉♥ ♠é❝❛♥✐s♠❡ ❡✣❝❛❝❡ ❞❡ ♣ré❝❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s à ❧✬éq✉✐✲
♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ♣r♦t♦♥s ❡st ♣r♦♣♦sé✳ ❈❡ ♠é❝❛♥✐s♠❡ ❡st ❜❛sé s✉r ❧❡ ♠♦✉✈❡♠❡♥t ♣r♦♣r❡
❞❡s ✜❧❛♠❡♥ts ♠❛❣♥ét✐q✉❡s ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝✳ ▲❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ rés✉❧t❛♥t❡
❡♥tr❛✐♥❡ ❧❡s é❧❡❝tr♦♥s ❞❛♥s ❞❡s ♦s❝✐❧❧❛t✐♦♥s r❡❧❛t✐✈✐st❡s✱ ❝❤❛✉✛❛♥t ❛✐♥s✐ r❛♣✐❞❡♠❡♥t ❧❡ ✢♦t
é❧❡❝tr♦♥✐q✉❡✳
❈❍❆P■❚❘❊ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆ ✶✼
❉❛♥s ❧❛ s❡❝♦♥❞❡ ♣❛rt✐❡ ❥✬❛❜♦r❞❡ ❧✬ét✉❞❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❛✉ ♠♦②❡♥ ❞❡s s✐♠✉❧❛t✐♦♥s
P❛rt✐❝❧❡✲■♥✲❈❡❧❧ ✭P■❈✮✳ ▲✬✐♥térêt ❞❡ ❝❡ t②♣❡ ❞❡ s✐♠✉❧❛t✐♦♥s ♣r♦✈✐❡♥t ❞✉ ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❧❡s
♣❛rt✐❝✉❧❡s ❡t ❧❡s éq✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧✱ r❡♥❞❛♥t ❛✐♥s✐ ❝♦♠♣t❡ ❞❡s ♣r♦❝❡ss✉s ♥♦♥✲❧✐♥é❛✐r❡s
❞❛♥s ❧❡ ♣❧❛s♠❛✳ ❈❡ t②♣❡ ❞❡ s✐♠✉❧❛t✐♦♥s ❡st ✉♥ ♦✉t✐❧ ♣✉✐ss❛♥t ❞❛♥s ❧✬✐♥✈❡st✐❣❛t✐♦♥ ❞❡s
♣r♦❝❡ss✉s ♣❧❛s♠❛ ❝✐♥ét✐q✉❡s ❡t ❡st ❧❛r❣❡♠❡♥t ✉t✐❧✐sé ❞❛♥s ❧✬ét✉❞❡ ❞❡s ❝❤♦❝s ❛str♦♣❤②s✐q✉❡s✳
❉❛♥s ❧❡ ❝❤❛♣✐tr❡ ✺✱ ❛♣rès ✉♥❡ ❜rè✈❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ P■❈ ❡t ❞❡s éq✉❛t✐♦♥s
♠♦❞é❧✐sé❡s✱ ❧❡s ♣r✐♥❝✐♣❛❧❡s ❛✈❛♥❝é❡s ❞❛♥s ❧✬ét✉❞❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❛✉ ♠♦②❡♥ ❞❡ ❝❡
t②♣❡ ❞❡ ❝♦❞❡s s♦♥t ❡①♣♦sé❡s ❡t ❞✐s❝✉té❡s ❡♥ ❞ét❛✐❧✳ ▲✬❛♣♣r♦❝❤❡ s✐♠♣❧✐✜é❡✱ ❛❞♦♣t❛♥t ❧❛
s②♠étr✐❡ ✶❉ ❡t ❛❞❛♣té❡ ❞❛♥s ❝❡tt❡ t❤ès❡ ❡st ❞é❝r✐t❡ à ❧❛ ✜♥ ❞✉ ❝❤❛♣✐tr❡✳
▲❡ ❝❤❛♣✐tr❡ ✻ ❛❜♦r❞❡ ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ✶❉ ❞❡s ❝❤♦❝s ♣❡r♣❡♥❞✐❝✉❧❛✐r❡s✳ ❖♥ ❞✐s❝✉t❡ ❧❛
str✉❝t✉r❡ ❞✉ ❝❤♦❝✱ ♦❜t❡♥✉❡ ♣❛r ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ♥✉♠ér✐q✉❡s ♣♦✉r ❡♥❝❧❡♥❝❤❡r ❧❡ ❝❤♦❝✳
▲✬❛✈❛♥t❛❣❡ ❞✬✉t✐❧✐s❡r ♣❧✉s✐❡✉rs ♠ét❤♦❞❡s ❡st ❞❡ ♣♦✉✈♦✐r s❡ ♣❧❛❝❡r ❞❛♥s ❧❡s ré❢ér❡♥t✐❡❧s
❞✐✛ér❡♥ts ✭❝♦✲♠♦❜✐❧❡ ❛♠♦♥t ♦✉ ❝♦✲♠♦❜✐❧❡ ❛✈❛❧✮ ❡t ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s ♣r♦❝❡ss✉s ♥♦♥
✈✉s ❞❛♥s ✉♥ ❛✉tr❡ r❡♣èr❡✳ ■❧ ❡st ♠♦♥tré q✉✬✉♥❡ ❢r❛❝t✐♦♥ ❞✬✐♦♥s ❡st ré✢é❝❤✐❡ s✉r ❧❡ ❢r♦♥t
❞✉ ❝❤♦❝ ❡t ❣♦✉✈❡r♥❡ ❧❡ ♣r♦❝❡ss✉s ❞❡ tr❛♥s❢♦r♠❛t✐♦♥ ❞✉ ♣❧❛s♠❛ ❛♠♦♥t ❡♥ ♣❧❛s♠❛ ❝❤♦q✉é✳
❊♥s✉✐t❡✱ ❞❡✉① sér✐❡s ❞❡ s✐♠✉❧❛t✐♦♥s✱ ❡✛❡❝t✉é❡s ♣❡♥❞❛♥t ❧❛ t❤ès❡✱ s♦♥t ♣rés❡♥té❡s✳ ❉❛♥s ❧❛
♣r❡♠✐èr❡✱ ❧❛ ✈✐t❡ss❡ ❞✉ ❢❛✐s❝❡❛✉ à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝ ❡st ✈❛r✐é❡ ❛✜♥ ❞✬ét✉❞✐❡r
s♦♥ ✐♠♣❛❝t s✉r ❧❛ ✈✐t❡ss❡✱ ❧❛ str✉❝t✉r❡ ❡t ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❞✬❛❝❝é❧ér❛t✐♦♥✳ ▲❛ ❞❡✉①✐è♠❡
sér✐❡ ❡st ❞é❞✐é❡ à ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❞✉ ♠✐❧✐❡✉✱ ét❛♥t ✉♥ ♣❛r❛♠ètr❡ ❡ss❡♥t✐❡❧
❞❛♥s ❧❛ str✉❝t✉r❛t✐♦♥ ❞✉ ❝❤♦❝✳ ■❧ ❡st tr♦✉✈é q✉❡ ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ❝❤❛♥❣❡ ❛✉t♦✉r ❞❡
σ ∼ 10−2✳
▲❡s ❞❡✉① ❞❡r♥✐❡rs ❝❤❛♣✐tr❡s ♣rés❡♥t❡♥t ❧❡s ét✉❞❡s ❡♥ ♣❡rs♣❡❝t✐✈❡ ❡t ❝♦♥❝❧✉❡♥t s✉r ❧❡s
rés✉❧t❛ts ❞❡ ❧❛ t❤ès❡✳
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❯♥❡ t❛❜❧❡❛✉✱ r❡❣r♦✉♣❛♥t ❧❡s ♥♦t❛t✐♦♥s ❡ss❡♥t✐❡❧❧❡s ❞❛♥s ❧❡ ♠❛♥✉s❝r✐t ❡t q✉❡❧q✉❡s ❞é✜✲
♥✐t✐♦♥s ❡st ♣rés❡♥té ❝✐✲❞❡ss♦✉s ✿
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◗✉❛♥t✐té ❙②♠❜♦❧❡ ❉é✜♥✐t✐♦♥ ❢♦r♠❡❧❧❡ ❙✐❣♥✐✜❝❛t✐♦♥
❉❡♥s✐té ❞✉ ♠✐❧✐❡✉ ❡①t❡r♥❡ n0
❈❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ B0
❱✐t❡ss❡ ❞✉ ❝❤♦❝ vsh
❋❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❞✉ ❢r♦♥t γsh
❘❛②♦♥ ❞❡ ▲❛r♠♦r r¯L ǫeBtotc
▲♦♥❣✳ ❞❡ ❝♦❤ér❡♥❝❡ ℓc P♦rté❡ ❞❡ ❧❛ ❢on ❞✬❛✉t♦✲❝♦rré❧❛t✐♦♥
❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ❞✉ ❝❤❛♠♣ t✉r❜✉❧❡♥t✳
◆♦♠❜r❡s ❞✬♦♥❞❡ kt,l
P✉❧s❛t✐♦♥ ♣❧❛s♠❛ ωp
q
n0e2
4πm
◆♦♠❜r❡ ❞❡ ▼❛❝❤ ❛❧❢✈é♥✐q✉❡ MA vsh/vA
▼❛❣♥ét✐s❛t✐♦♥ σ B
2
0
4πn0mpc2
❋❧✉① ♠❛❣♥✳✴❋❧✉① ❞✬é♥❡r❣✐❡ ❞❡ ♠❛ss❡
■♠♣♦rt❛♥❝❡ ❞②♥❛♠✐q✉❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥✳ ❡①t❡r♥❡
❖❜❧✐q✉✐té θB ❆♥❣❧❡ ❡♥tr❡ ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ♣r♦♣❛❣❛t✐♦♥
❞✉ ❝❤♦❝ ❡t ❧✬♦r✐❡♥t❛t✐♦♥ ❞✉ ❝❤❛♠♣ B0
❘✐❣✐❞✐té ré❞✉✐t❡ ρ r¯L/ℓc
P❛r❛♠ètr❡ ❞❡ t✉r❜✉❧❡♥❝❡ η δB
2
B2
0
+δB2
■♠♣♦rt❛♥❝❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ✴ ❈❤❛♠♣ t♦t❛❧
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▼♦❞è❧❡ ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡
❆
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t❡❝❤♥♦❧♦❣✐q✉❡ ❛❝t✉❡❧ ❝♦♥s✐❞ér❛❜❧❡ ♦ù ❧❡ ❝❤♦❝ ❡st ✐♥✐t✐é ♣❛r ✉♥ ❧❛s❡r ✉❧tr❛✲♣✉✐ss❛♥t ✭I >
1021W/cm2✮✱ ❧❛ ✈✐t❡ss❡ ❞✉ ❝❤♦❝ ♥❡ ❞é♣❛ss❡ ♣❛s ✉♥❡ ❢r❛❝t✐♦♥ ❞❡ c✳ ❉✬❛✉tr❡ ♣❛rt✱ ✐❧ ❡st
très ❞✐✣❝✐❧❡ ❞❡ r❡♣r♦❞✉✐r❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❛str♦♣❤②s✐q✉❡s ✭❞❡♥s✐té ❡①trê♠❡♠❡♥t ❢❛✐❜❧❡✮
❡♥ ❧❛❜♦r❛t♦✐r❡✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❜❡s♦✐♥ ❞✬✉♥ ♠♦❞è❧❡ ré❛❧✐st❡✱ ♣❤②s✐q✉❡♠❡♥t ❝♦❤ér❡♥t ❡t
❝♦rr♦❜♦ré ♣❛r ❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ré❝❡♥t❡s ♣♦✉r ❞é❝r✐r❡ ❧❡ ❝❤♦❝✳
▲❡ ♠♦❞è❧❡ q✉❡ ❥❡ ♣rés❡♥t❡ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ s✬❛♣♣❧✐q✉❡ à ✉♥ ❝❤♦❝ ♣❧❛♥✱ ❞❡ ✈✐t❡ss❡
Vsh ♣r♦❝❤❡ ❞❡ c ❡t ❛✈❡❝ ❧❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❝♦rr❡s♣♦♥❞❛♥t γsh = 1/
√
1− V 2sh/c2 ≫ 1✱
s❡ ♣r♦♣❛❣❡❛♥t ❞❛♥s ✉♥ ♠✐❧✐❡✉ ❤♦♠♦❣è♥❡ ❞❡ ❞❡♥s✐té n0✳ ▲❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♣❧❛s♠❛ ❡st
s♦✐t ❞✬é❧❡❝tr♦♥s ✲ ♣♦s✐tr♦♥s ✭♣❧❛s♠❛ ❞❡ ♣❛✐r❡s✮✱ s♦✐t ❞✬é❧❡❝tr♦♥s ✲ ♣r♦t♦♥s✳ ▲❡ ♠✐❧✐❡✉ ét❛♥t
t♦t❛❧❡♠❡♥t ✐♦♥✐sé ❡t s♦✉♠✐s à ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ B0✱ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛
♥♦r♠❛❧❡✳ ❈❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡st ❣é♥ér✐q✉❡♠❡♥t ❢❛✐❜❧❡ ✭♣❛r❛♠ètr❡ ❞❡ ♠❛❣♥ét✐s❛t✐♦♥
♣❡t✐t ❞❡✈❛♥t ✶✮ ❡t ♥✬❛ ♣❛s ❞✬✐♥✢✉❡♥❝❡ ❞②♥❛♠✐q✉❡ s✉r ❧✬é❝♦✉❧❡♠❡♥t✳
▲❛ t❤é♦r✐❡ ❢♦♥❞❛tr✐❝❡ ❡st ❞✉❡ à ❙❛❣❞❡❡✈ ❡t ▼♦✐s❡❡✈ ❬✶✱ ✷❪ ❞❛♥s ❧❡ ❝❛❞r❡ ♥♦♥✲r❡❧❛t✐✈✐st❡✳
▲❡ rô❧❡ ❡ss❡♥t✐❡❧ ❞❡ ❧❛ ❜❛rr✐èr❡ ❞❡ ♣♦t❡♥t✐❡❧ ✭♦✉ ♠❛❣♥ét✐q✉❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ♣❧❛s♠❛ ❞❡
♣❛✐r❡s✮ ❛✉ ❢r♦♥t ❞✉ ❝❤♦❝✱ ré✢❡①✐♦♥ ❞✬✉♥❡ ♣❛rt✐❡ ❞❡ ♣r♦t♦♥s ❡t ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬✐♥st❛✲
❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ❬✸❪ ❞❛♥s ❧❛ str✉❝t✉r❛t✐♦♥ ❞✉ ❝❤♦❝ ② ♦♥t été ♣r♦♣♦sés ❧♦rsq✉❡ ❧❡ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ B0 ❡st ❢❛✐❜❧❡✳▲✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥ ❡st ✉♥❡ ✐♥st❛❜✐❧✐té
tr❛♥s✈❡rs❡✱ ♣✉r❡♠❡♥t é❧❡❝tr♦♠❛❣♥ét✐q✉❡ q✉✐ s❡ ❞é❝❧❡♥❝❤❡ ❡♥ ❝❛s ❞❡ ❢♦rt❡s ❛♥✐s♦tr♦♣✐❡s
❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥✱ ❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ❢❛✐s❝❡❛✉ ✐♥t❡♥s❡✱
♣é♥étr❛♥t ✉♥ ♣❧❛s♠❛ ❛✉ r❡♣♦s ❬✹✱ ✺❪✳ ▲❛ ❜❛rr✐èr❡ ❛✉ ❢r♦♥t ❞❡ ❝❤♦❝ s❡ ♠❡t ❡♥ ♣❧❛❝❡ s✉✐t❡
à ❧❛ ♠♦♥té❡ ❡♥ é♥❡r❣✐❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❛✉ ♥✐✈❡❛✉ ❞✬éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡
❞✉ ❢❛✐s❝❡❛✉ ✭ξB ≤ 1✮✱ ❡✳❣✳ ❬✻❪✳ ▲❛ ré✢❡①✐♦♥ ❞✬✉♥❡ ♣❛rt✐❡ ❞❡ ♣r♦t♦♥s s✉r ❧❡ ❢r♦♥t ✭♦✉ ♣ré✲
s❡♥❝❡ ❞❡ ♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s ❡♥ ❛♠♦♥t✱ s✐ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❡st e− − e+✮ ❡st ✉♥ ✐♥❣ré❞✐❡♥t
✉♥✐✈❡rs❡❧ ❞❡s ❝❤♦❝s s✉♣❡r❝r✐t✐q✉❡s ✭♥♦♠❜r❡ ❞❡ ▼❛❝❤ ❛❧❢✈é♥✐q✉❡ MA = vsh/vA ≫ 1✮ ❡t
✷✶
✷✷ ✷✳✶✳ ❈❖◆❉■❚■❖◆❙ ❉❊ ❙❆❯❚
❡♥tr❛✐♥❡ ✉♥❡ ❜r✐s✉r❡ ❞❡ s②♠étr✐❡ ❞✉ ♣♦t❡♥t✐❡❧ ❬✷❪✳ ❈❡❧❛ ❛ ♣♦✉r ❡✛❡t ❞❡ ❢♦r♠❡r ✉♥ tr❛✐♥
❞✬♦♥❞❡s ❞❛♥s ❧❡ ♠✐❧✐❡✉ ♣♦st✲❝❤♦❝✳ ▲❛ ❞✐ss✐♣❛t✐♦♥ ♥♦♥✲❝♦❧✐s✐♦♥♥❡❧❧❡ ❛♠♦rt✐t r❛♣✐❞❡♠❡♥t ❝❡
tr❛✐♥ ❞✬♦♥❞❡s ❛✜♥ ❞❡ s❛t✐s❢❛✐r❡ ❛✉① ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t✳ ❈❡tt❡ t❤é♦r✐❡ ❛ été ❛❞❛♣té❡ ❛✉ ❝❛s
❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ♣❛r ▼❡❞✈❡❞❡✈ ✫ ▲♦❡❜ ✶✾✾✾ ❬✼❪✳ ❙❛ ✈❛❧✐❞✐té ❛ été ♣r♦✉✈é❡ à ❧✬❛✐❞❡
❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ré❝❡♥t❡s ❬✽✕✶✵❪✳
▲❡ s❝é♥❛r✐♦ ❡st ❢❛✈♦r❛❜❧❡ à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❝❤♦❝ ♠❛✐s s❡✉❧❡♠❡♥t s✐ ❧✬✐♥st❛❜✐❧✐té
❡st ❝❛♣❛❜❧❡ ❞❡ ♣r♦❞✉✐r❡ ✉♥❡ ❜❛rr✐èr❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❞✬❛♠♣❧✐t✉❞❡ ❛ss❡③ ❣r❛♥❞❡ ♣♦✉r
ré✢é❝❤✐r ❧❡ ✢♦t ✐♥❝✐❞❡♥t ❡t ❛ss✉r❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❧✬❡♥tr♦♣✐❡ ❝❛r❛❝tér✐st✐q✉❡ ❛✉ ❝❤♦❝✳
■❧ s❡ tr♦✉✈❡ q✉❡ ❧❡ ♥✐✈❡❛✉ ❞❡ s❛t✉r❛t✐♦♥ ♥❛t✉r❡❧ ❞❡ ❝❡tt❡ ✐♥st❛❜✐❧✐té ❡st ✏❝❡❧✉✐ q✉✬✐❧ ❢❛✉t✑
Energie magn.
Energie cin. ∼ 1 ❡t ❧❡ t❡♠♣s ❞❡ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞✉ ❝❤♦❝ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s
❞❡ t❡♠♣s ❞✬❡①♣♦♥❡♥t✐❛t✐♦♥ γ−1inst ❬✻❪✳ P❛r ❧❛ s✉✐t❡✱ ✉♥❡ ❢r❛❝t✐♦♥ ❞❡ ♣r♦t♦♥s ✐♥❝✐❞❡♥ts ❡st
ré✢é❝❤✐❡ ♣❛r ❧❡ ❢r♦♥t ♣♦✉r ❢♦r♠❡r ❧❡ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉ ❛✐♥s✐
❢♦r♠é ❛✈❡❝ ❧❡ ♣❧❛s♠❛ ❛♠❜✐❛♥t ❝♦♥❞✉✐t à ❧❛ ✜❧❛♠❡♥t❛t✐♦♥ ❡t à ❧❛ ❣é♥ér❛t✐♦♥ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡
♠❛❣♥ét✐q✉❡✱ ✐♥❞✐s♣❡♥s❛❜❧❡ à ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❬✶✶❪✳ ▲❛ r✐❝❤❡ss❡ ❡t ❧❛ ❞✐✈❡rs✐té
❞❡s ❞✐✛ér❡♥ts ❛s♣❡❝ts ❞❡ ❝❡tt❡ t❤é♦r✐❡ ❢❛✐t ♦❜❥❡t ❞❡ ❝❡ ❝❤❛♣✐tr❡✳
❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ❥✬✐♥tr♦❞✉✐s ❧❡ ❝❛❞r❡ ❞❡ ❞❡s❝r✐♣t✐♦♥ ❞✬✉♥ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ✭❝♦♥❞✐✲
t✐♦♥s ❞❡ s❛✉t✱ ♥♦♥✲❝♦❧❧✐s✐♦♥♥❛❧✐té✱ ❧❡s ❞✐✛ér❡♥ts ré❢ér❡♥t✐❡❧s ❡t ❧❡s ❡✛❡ts ✉❧tr❛✲r❡❧❛t✐✈✐st❡s✮✳
❊♥s✉✐t❡ ❧❡ ♠♦❞è❧❡ ♠✐❝r♦♣❤②s✐q✉❡ ❞✉ ❝❤♦❝ ❡st ♣rés❡♥té ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ ♣❤②s✐q✉❡ ❞❡s
♣❧❛s♠❛s r❡❧❛t✐✈✐st❡s ✭é♠❡r❣❡♥❝❡ ❞❡ ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ❡t ❞❡s ✐♥st❛❜✐❧✐tés ♣❧❛s♠❛✮✳ ❉❛♥s
❧❛ ❞❡r♥✐èr❡ s❡❝t✐♦♥ ✉♥❡ ❞❡s❝r✐♣t✐♦♥ s②♥t❤ét✐q✉❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ❝♦♠♠❡ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❞✉ ♠✐❧✐❡✉ ❡st ♣r♦♣♦sé❡✳
✷✳✶ ❈♦♥❞✐t✐♦♥s ❞❡ s❛✉t
▲❛ ♣r❡♠✐èr❡ ❝❤♦s❡ à ❢❛✐r❡ ❞❛♥s ❧✬ét✉❞❡ ❞❡s ❝❤♦❝s ❡st ❞❡ r❡❣❛r❞❡r ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡
s❛✉t ❞❡ ❞❡♥s✐té✱ ❞❡ ✈✐t❡ss❡ ❡t ❞❡ ♣r❡ss✐♦♥ ❡♥tr❡ ❧❡ ♠✐❧✐❡✉ ♣ré✲❝❤♦❝ ✭❛♠♦♥t✮ ❡t ♣♦st✲❝❤♦❝
✭❛✈❛❧✮ ❀ ✐✳❡✳ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❘❛♥❦✐♥❡✲❍✉❣♦♥✐♦t✳ ▲❡s ❧♦✐s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ r❡❧❛t✐✈✐st❡s✱ ❡♥
s❡ ♣❧❛ç❛♥t ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✱ s✬é❝r✐✈❡♥t ✿
ρ1γ1β1 = ρ2γ2β2 ✭✷✳✶✮
w1γ
2
1β
2
1 + P1 = w2γ2β
2
2 + P2 ✭✷✳✷✮
w1γ
2
1β1 = w2γ
2
2β2 ✭✷✳✸✮
❖ù ❧❡s ✐♥❞✐❝❡s ✏✶✑ ❡t ✏✷✑ t✐❡♥♥❡♥t ♣♦✉r ❧❡ ♠✐❧✐❡✉ ❛♠♦♥t ❡t ❛✈❛❧✱ r❡s♣❡❝t✐✈❡♠❡♥t✳ ρ(1,2)
❡st ❧❛ ❞❡♥s✐té ❞❡ ♠❛ss❡✱ β(1,2) ❡st ❧❛ ✈✐t❡ss❡ ❞✉ ✢♦t ❡♥ ✉♥✐tés ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡✱
γ(1,2) ❡st ❧❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥③ ❞✉ ✢♦t✱ P(1,2) ❡st ❧❛ ♣r❡ss✐♦♥ ❡t w(1,2) ❡st ❧✬❡♥t❤❛❧♣✐❡✳ ❈❡tt❡
❞❡r♥✐èr❡ q✉❛♥t✐té ❡st ❧❛ s♦♠♠❡ ❞❡ ❧❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ✐♥t❡r♥❡ ❡t ❞❡ ❧❛ ♣r❡ss✐♦♥✳ ❈❡s
tr♦✐s éq✉❛t✐♦♥s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❧♦✐s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡s ♠♦♠❡♥ts ❞✬♦r❞r❡ ✵ ✭♠❛ss❡✮
❈❍❆P■❚❘❊ ✷✳ ▼❖❉➮▲❊ ❉❯ ❈❍❖❈ ❘❊▲❆❚■❱■❙❚❊ ✷✸
❡q✳ ✭✷✳✶✮✱ ❞✬♦r❞r❡ ✶ ✭✐♠♣✉❧s✐♦♥✮ ❡q✳ ✭✷✳✷✮ ❡t ❞✬♦r❞r❡ ✷ ✭é♥❡r❣✐❡✮ ❡q✳ ✭✷✳✸✮ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡
❞✐str✐❜✉t✐♦♥ ♠❛①✇❡❧❧✐❡♥♥❡✳
❉❛♥s ❧❡ ❝❛s ✉❧tr❛✲r❡❧❛t✐✈✐st❡✱ ❧✬❡♥t❤❛❧♣✐❡ ❞❛♥s ❝❤❛q✉❡ ♠✐❧✐❡✉ ♣❡✉t s✬é❝r✐r❡ w(1,2) =
4P(1,2)✱ ❡♥ ✈❡rt✉ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❞✉ t❡♥s❡✉r é♥❡r❣✐❡✲✐♠♣✉❧s✐♦♥ ❞✉ ✢✉✐❞❡ ❛✉ r❡♣♦s✳ ❆✉ss✐✱
♦♥ ❛ γ1β1 ≫ 1✱ ❝❡ q✉✐ ✐♠♣❧✐q✉❡ q✉✬♦♥ ♣❡✉t ♥é❣❧✐❣❡r ❧❡ t❡r♠❡ P1 ❞❛♥s ❧✬❡q✳ ✭✷✳✷✮✳ ❙✐♠♣❧✐✜❛♥t
❛✐♥s✐ ❧❡ s②stè♠❡✱ ❧❛ ❞✐✈✐s✐♦♥ ❞❡ ✷✳✷ ♣❛r ✷✳✸ ❛♠è♥❡ à ❧✬éq✉❛t✐♦♥ ❞❡ s❡❝♦♥❞ ♦r❞r❡ s✉r β2 ✿
3β22 − 4β1β2 + 1 = 0 ✭✷✳✹✮
▲❛ s❡✉❧❡ s♦❧✉t✐♦♥ ♣❤②s✐q✉❡ ✭β2 < β1✮ ❡st β2 = 1/3− 1/(6γ21)→ 1/3 ✭♣♦✉r γsh ≫ 1✮✳
❖♥ ❡♥ ❞é❞✉✐t ❛✉ss✐ ❧❡ s❛✉t ❞❡ ❞❡♥s✐té ✿ n2/n1 = β1γ1/(β2γ2)→ 2
√
2γsh✳
❉❛♥s ❧❡ ❝❛s ❣é♥ér❛❧✱ ❧❡s rés♦❧✉t✐♦♥ ❞✉ s②stè♠❡ ✷✳✶✲✷✳✸ ❞❡♠❛♥❞❡ ❞❡ ♣ré❝✐s❡r ❧✬éq✉❛t✐♦♥
❞✬ét❛t ❞✉ ✢✉✐❞❡ ❛♠♦♥t ❡t ❛✈❛❧✳ ❙✐ ❧❡ ✢✉✐❞❡ ♣♦ssè❞❡ ✉♥❡ t❡♠♣ér❛t✉r❡ r❡❧❛t✐✈✐st❡✱ ❧✬éq✉❛t✐♦♥
❞✬ét❛t ❞❡ ❙②♥❣❡ ❡st t♦✉t à ❢❛✐t ❛❞❛♣té❡ ❬✶✷❪✳
❈♦♥❞✐t✐♦♥s ❞❡ s❛✉t ▼❍❉ ✿ ❙✐ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡st ❞②♥❛♠✐q✉❡♠❡♥t ✐♠♣♦rt❛♥t
✭♠❛❣♥ét✐s❛t✐♦♥ σ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❞❡✈❛♥t ✶✮ ✐❧ ❢❛✉t ✐♥❝❧✉r❡ s❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❛♥s ❧❡s ❧♦✐s
❞❡ ❝♦♥s❡r✈❛t✐♦♥✱ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t ❡t ❧✬✐♥❞✐❝❡ ❛❞✐❛❜❛t✐q✉❡ ❞✉ ♣❧❛s♠❛ ♣❡✉✈❡♥t ❡tr❡
❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❞✐✛ér❡♥t❡s s✐ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❡st ❢♦rt❡✱ σ ≫ 0.1 ❬✶✸❪✳ ❉❛♥s ❝❡tt❡ t❤ès❡✱
♣♦✉rt❛♥t✱ ❥❡ ♠❡ ❝♦♥❝❡♥tr❡ s✉r ❧❡ ❝❛s ❞❡s ❝❤♦❝s à ❢❛✐❜❧❡ ♠❛❣♥ét✐s❛t✐♦♥ σ ≪ 1 ♦ù ❧❡ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ ♥✬❡st ♣❛s ❞②♥❛♠✐q✉❡♠❡♥t ✐♠♣♦rt❛♥t✱ ♠ê♠❡ s✬✐❧ ❡st ♣rés❡♥t✳
P♦✉r ✜♥✐r✱ r❡♠❛rq✉♦♥s q✉❡ ❝❡s ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t s♦♥t s❛t✐s❢❛✐t❡s à ❧✬é❝❤❡❧❧❡ ✢✉✐❞❡✱ ❧♦✐♥
❞❡ ❧❛ ré❣✐♦♥ ❛✉t♦✉r ❞✉ ❢r♦♥t✱ ♦ù ❧❡s ❡✛❡ts ❝✐♥ét✐q✉❡s s♦♥t ✐♠♣♦rt❛♥ts✳ ▲❡ ♠♦❞è❧❡ ❝✐♥ét✐q✉❡✱
❡①♣♦sé ♣❧✉s ❧♦✐♥✱ ♣❡✉t ❡①❤✐❜❡r ❞❡s ❞é✈✐❛t✐♦♥s ♣❛r r❛♣♣♦rt ❛✉① ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t✳ P❛r
❡①❡♠♣❧❡✱ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ❣é♥éré ❞❛♥s ❧❡ ♣✐❡❞✱ ♣❡✉t ❛tt❡✐♥❞r❡ ❧✬éq✉✐♣❛rt✐t✐♦♥ ❛✉
♥✐✈❡❛✉ ❞✉ ❢r♦♥t ♠❛✐s ❞é❝r♦✐t à ✉♥❡ ✈❛❧❡✉r très ❢❛✐❜❧❡ q✉❛♥❞ ♦♥ s✬é❧♦✐❣♥❡ ❞✉ ❝❤♦❝ ❬✶✹✱ ✶✺❪✳
▲❡s ❧♦✐s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ✢✉✐❞❡s ✐♠♣♦s❡♥t ❞♦♥❝ ❧❛ r❡❧❛①❛t✐♦♥ ✈❡rs ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t
q✉❛♥❞ ♦♥ ❡st ❧♦✐♥ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ ✭♣❛r ❧♦✐♥ ❥✬❡♥t❡♥❞s ❞❡s ❞✐st❛♥❝❡s très ❣r❛♥❞❡s ❞❡✈❛♥t
❧❛ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥t❛❣❡ ♣❧❛s♠❛ c/ωp✮✳
✷✳✷ P❧❛s♠❛ s❛♥s ❝♦❧❧✐s✐♦♥s
❉❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ❛str♦♣❤②s✐q✉❡s ♦ù ❧❡s ❝❤♦❝s s❡ ♣r♦❞✉✐s❡♥t ❧❡ ♠✐❧✐❡✉ ❡st s♦✉✈❡♥t
très ❞✐❧✉é ❡t ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞❡s ♣❛rt✐❝✉❧❡ ❣r❛♥❞❡✳ ❆✐♥s✐✱ ❧❡ ❧✐❜r❡ ♣❛r❝♦✉rs ♠♦②❡♥ ♣♦✉r
❧❡s ❝♦❧❧✐s✐♦♥s ❈♦✉❧♦♠❜✐❡♥♥❡s ✭❜✐♥❛✐r❡s✮ ❡st ♣❧✉s ❞❡ ✶✵ ♦r❞r❡s ❞❡ ♠❛❣♥✐t✉❞❡ ♣❧✉s ❣r❛♥❞
q✉❡ ❧❛ ré❣✐♦♥ ❝❤♦q✉é❡ ✭✈♦✐r✱ ♣❛r ❡①✳ ❧❛ t❤ès❡ ❞❡ ❍❡❞❡❞❛❧ ❬✾❪✮✳
❉♦♥♥♦♥s q✉❡❧q✉❡s ❡st✐♠❛t✐♦♥s ❞❡s ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r✱ ♠✐s ❡♥ ❥❡✉ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥
❝❤♦❝ ❡①t❡r♥❡ ❞❡ ❙●✳ ▲❡ r❛②♦♥ ❞❡ ❞é❝é❧ér❛t✐♦♥ ❞✉ ❝❤♦❝ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 1016❝♠✳ ▲❡
✷✹ ✷✳✸✳ ◗❯❊❙❚■❖◆ ❉❊❙ ❘➱❋➱❘❊◆❚■❊▲❙
❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ t②♣✐q✉❡ ❞✉ ❝❤♦❝ ❡st γsh ∼ 100✱ ❡t ❧✬é♥❡r❣✐❡ t❤❡r♠✐q✉❡ ❞❡s ♣❛rt✐❝✉❧❡s
❝❤♦q✉é❡s γshmpc2 ≃ 100●❡❱✳ ▲❡ ❧✐❜r❡ ♣❛r❝♦✉rs ♠♦②❡♥ ♣❛r ❝♦❧❧✐s✐♦♥s ❈♦✉❧♦♠❜✐❡♥♥❡s ♣♦✉r
❧❡s ♣r♦t♦♥s ❞❡ ✶✵✵ ●❡❱ ❞❛♥s ❧❡ ▼■❙ ✭n = 1cm−3✮ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 1026❝♠ ✭✶✴✶✵✵ ❞❡
❧✬✉♥✐✈❡rs ❝♦♥♥✉ ✦✮✳ ❈❡tt❡ ✈❛❧❡✉r ❡st ❜✐❡♥ tr♦♣ ❣r❛♥❞❡ ♣♦✉r ❝♦♥s✐❞ér❡r ❧❡ ♣❧❛s♠❛ ❝♦♠♠❡
❝♦❧❧✐s✐♦♥♥❡❧✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❡ r❛②♦♥ ❞❡ ▲❛r♠♦r ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ✿ RL|0 ≃ 3 ·
1016❝♠ ♣♦✉r E = 100●❡❱ ❡t BISM ≃ 3µ●✱ ❞❡✈✐❡♥t ❝♦♠♣❛r❛❜❧❡ à ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ s♦✉r❝❡ ♠❛✐s
❡st t♦✉❥♦✉rs tr♦♣ ❣r❛♥❞ ♣♦✉r ❧❡s ♣❛rt✐❝✉❧❡s ♣❧✉s é♥❡r❣ét✐q✉❡s✳ ❙✐ ♦♥ ❝♦♥s✐❞èr❡ ✉♥ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ à ❧✬éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞✉ ❝❤♦❝ ✭Beq ∼ 20 ●❛✉ss✮✱ ❛❧♦rs ❧❡
r❛②♦♥ ❞❡ ▲❛r♠♦r ❞❡✈✐❡♥t ❞❡ ❧✬♦r❞r❡ ❞❡ 107❝♠✳ ❆ ❝♦♠♣❛r❡r ❛✈❡❝ ❧✬é❝❤❡❧❧❡ ❝❛r❛❝tér✐st✐q✉❡ ❞✉
♣❧❛s♠❛✱ ✐✳❡✳ ❧❛ ❧♦♥❣✉❡✉r ❞✬❡❝r❛♥t❛❣❡ ❞❡s ♣r♦t♦♥s δi = c/ωpi✳ ❉❛♥s ❧✬■❙▼ ❡❧❧❡ ❡st ❞❡ 107❝♠✳
❊♥ ❣é♥ér❛❧✱ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡st ❡♥ ❞❡çà ❞❡ ❧✬éq✉✐♣❛rt✐t✐♦♥ ❡t ✐❧ ❡st ♠✐❝r♦t✉r❜✉❧❡♥t✱
❝❡ q✉✐ ✐♠♣❧✐q✉❡ q✉❡ ❧❡ ❧✐❜r❡ ♣❛r❝♦✉rs ♥❡ s❡ ♠❡s✉r❡ ♣❛s ❛✉ r❛②♦♥ ❞❡ ▲❛r♠♦r✱ ♠❛✐s ❛✉ ❝❛rré
❞❡ ❧✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✭✈♦✐r ❧❡s ❝❤❛♣✐tr❡s ✸ ❡t ✹ ❞❡ ❝❡tt❡ t❤ès❡✮✳ ▲❡ ❧✐❜r❡ ♣❛r❝♦✉rs
♠♦②❡♥ s❡r❛ ❛❧♦rs 100 − 1000 ♣❧✉s ❣r❛♥❞ ♠❛✐s r❡st❡ t♦✉❥♦✉rs ❜✐❡♥ ♣❧✉s ♣❡t✐t q✉❡ ❧❛ t❛✐❧❧❡
❞❡ ❧❛ s♦✉r❝❡ ✭1015❝♠✮✳
❈❡s ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r ✐♥❞✐q✉❡♥t ❝❧❛✐r❡♠❡♥t q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦ ✲ ♠❛❣♥ét✐q✉❡ ❝♦❧✲
❧❡❝t✐✈❡ ❞✉ ♣❧❛s♠❛ ❛ss✉r❡ ❧❡ rô❧❡ ❞❡s ✏❝♦❧❧✐s✐♦♥s✑ ❡t ♥♦♥ ❧✬✐♥t❡r❛❝t✐♦♥ ❜✐♥❛✐r❡ ❡♥tr❡ ♣❛rt✐❝✉❧❡s
❝❤❛r❣é❡s✳ ▲❡ ♠ê♠❡ r❛✐s♦♥♥❡♠❡♥t ♣❡✉t êtr❡ ❛♣♣❧✐q✉é à ❧❛ ♣❧✉♣❛rt ❞❡s ❝❤♦❝s ❛str♦♣❤②s✐q✉❡s
❡t ✐❧ s❡ tr♦✉✈❡ q✉✬✐❧s s♦♥t tous ♥♦♥✲❝♦❧❧✐s✐♦♥♥❡❧s✳
❯♥ ♣♦✐♥t ❞❡ ✈✉❡ ✐♥tér❡ss❛♥t ✈✐❡♥t ❞❡ ❧✬❛♣♣r♦❝❤❡ ❞❡ ❧❛ t❤é♦r✐❡ ❞❡s ❝❤♦❝s ♣❛r ❧✬éq✉❛t✐♦♥
❞❡ ❱❧❛s♦✈✱ ✐♥tr♦❞✉✐t❡ ♣❛r ❚✐❞♠❛♥ ✫ ❑r❛❧❧ ❬✶✻❪✳ ❊♥ ❞é❝♦♠♣♦s❛♥t t♦✉t❡s ❧❡s q✉❛♥t✐tés ❡♥
✉♥❡ ♣❛rt✐❡ ♠♦②❡♥♥❡ ❡t ✉♥❡ ✢✉❝t✉❛♥t❡✱ ✐❧s ♠♦♥tr❡♥t q✉❡ ❧❡ t❡r♠❡ ❞❡s ❝♦❧❧✐s✐♦♥s ❡✛❡❝t✐✈❡s
♣r♦✈✐❡♥t ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❛ ♣❛rt✐❡ ✢✉❝t✉❛♥t❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❡t ❧❡s ✢✉❝✲
t✉❛t✐♦♥s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s✳ ▲❡s ❛✉t❡✉rs ❧✬❛♣♣❡❧❧❡♥t ✏t❡r♠❡ ❞❡ ❝♦❧❧✐s✐♦♥s t✉r❜✉❧❡♥t✑✳ ❙✉✐t❡
à ❧❛ ❢♦rt❡ ♣❡rt✉r❜❛t✐♦♥ ♣❛r ❧❡ ❝❤♦❝ ❡t ❧❛ ❣é♥ér❛t✐♦♥ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡✱ ❝❡
t❡r♠❡ ♣❡r♠❡t à ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ r❡❧❛①❡r ✈❡rs ✉♥ ♥♦✉✈❡❧ ét❛t st❛t✐♦♥♥❛✐r❡ ❡t
st❛❜❧❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❝❤♦q✉é ❛✜♥ ❞❡ s❛t✐s❢❛✐r❡ ❛✉① ❝♦♥❞✐t✐♦♥s ❞❡ ❘❛♥❦✐♥❡✲❍✉❣♦♥✐♦t✳ ❆ ❧❛
❞✐✛ér❡♥❝❡ ❞✉ t❡r♠❡ ❞❡ ❝♦❧❧✐s✐♦♥s ❝❧❛ss✐q✉❡ ✭♦♣ér❛t❡✉r ❞❡ ▲❛♥❞❛✉✮✱ ❝❡❧✉✐✲❝✐ ♥❡ ❝♦♥❞✉✐t ♣❛s
♥é❝❡ss❛✐r❡♠❡♥t à ✉♥❡ r❡❧❛①❛t✐♦♥ ✈❡rs ✉♥❡ ❞✐str✐❜✉t✐♦♥ ♠❛①✇❡❧❧✐❡♥♥❡✳ ❊♥ ❢❛✐t✱ ❡♥ ❧✐♠✐t❡
r❡❧❛t✐✈✐st❡✱ ✐❧ s✉✣t ❞✬✐s♦tr♦♣✐s❡r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ♣♦✉r ❛ss✉r❡r ❧✬❡①✐st❡♥❝❡ ❞✉
❝❤♦❝✳ ❈✬❡st ❛✉ss✐ ❝❡ ♠ê♠❡ t❡r♠❡ q✉✐ ❡st r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ❝ré❛t✐♦♥ ❞✬❡♥tr♦♣✐❡ ❞❛♥s ❧❛
ré❣✐♦♥ ❞❡ tr❛♥s✐t✐♦♥ ❛✉ ❝❤♦❝✳
✷✳✸ ◗✉❡st✐♦♥ ❞❡s ré❢ér❡♥t✐❡❧s
❉ès q✉✬✐❧ s✬❛❣✐t ❞❡s ♣❤é♥♦♠è♥❡s q✉✐ ♠❡tt❡♥t ❡♥ ❥❡✉ ❞❡s ✈✐t❡ss❡s ♣r♦❝❤❡s ❞❡ c✱ ♦♥ ♥❡
♣❡✉t é✈✐t❡r ✉♥❡ ❣②♠♥❛st✐q✉❡ ❞❡s tr❛♥s❢♦r♠❛t✐♦♥s ❞❡ ▲♦r❡♥t③ ❡♥tr❡ ❞✐✛ér❡♥ts ré❢ér❡♥t✐❡❧s✳
❊♥ ✶✾✾✵ ❇❡❣❡❧♠❛♥ ❡t ❑✐r❦ ❬✶✼❪ ♣r♦♣♦s❡♥t ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ré❢ér❡♥t✐❡❧s ♣♦✉r ❞é❝r✐r❡ ❧✬❛❝✲
❈❍❆P■❚❘❊ ✷✳ ▼❖❉➮▲❊ ❉❯ ❈❍❖❈ ❘❊▲❆❚■❱■❙❚❊ ✷✺
❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❛✉① ❝❤♦❝s r❡❧❛t✐✈✐st❡s✳ ❊♥ t♦✉t✱ ✐❧s ❡♥ ♠❛♥✐♣✉❧❡♥t s❡♣t✱ ❝❤❛❝✉♥
ét❛♥t ❝❤♦✐s✐ ♣♦✉r êtr❡ ❧❡ ♣❧✉s ❛❞❛♣té à ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞✉ ♣r♦❝❡ss✉s ♣❤②s✐q✉❡ ❞♦♥♥é✳ P❛r
❡①❡♠♣❧❡✱ ✐❧ ❡st ♣❧✉s ❝♦♠♠♦❞❡ ❞❡ s❡ ♣❧❛❝❡r ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❝♦✲♠♦❜✐❧❡ ❞✉ ♣❧❛s♠❛ ❝❤♦q✉é
✭❛✈❛❧ ❞✉ ❝❤♦❝✮ ♣♦✉r s✉✐✈r❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡s ♣❛rt✐❝✉❧❡s q✉✐ s♦♥t ♣❤②s✐q✉❡♠❡♥t ❞❛♥s ❝❡tt❡
ré❣✐♦♥✳ ❉❛♥s ❧✬❡♥s❡♠❜❧❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ♣♦✉rt❛♥t✱ ♥♦✉s ♥✬✉t✐❧✐s❡r♦♥s q✉❡ tr♦✐s ré❢ér❡♥t✐❡❧s
❞✬✐♥térêt ✿
✕ ❘é❢ér❡♥t✐❡❧ ❝♦✲♠♦❜✐❧❡ ❛♠♦♥t ✭❛♥❣❧❛✐s ✿ ❯♣str❡❛♠ ❘❡st ❋r❛♠❡✱ ❯❘❋✮✳ ❉❛♥s ❝❡ ré❢é✲
r❡♥t✐❡❧ ❧❡ ♠✐❧✐❡✉ ♣ré✲❝❤♦❝ ❡st ❛✉ r❡♣♦s✳ ❆✉ss✐✱ ✐❧ ♣❡✉t êtr❡ ❛ss✐♠✐❧é ❛✉ ré❢ér❡♥t✐❡❧ ❞✉
♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ♦✉ ❜✐❡♥ à ❝❡❧✉✐ ❞❡ ❧✬♦❜s❡r✈❛t❡✉r ❡①t❡r♥❡✳ ▲❡ ❢r♦♥t ❞❡ ❝❤♦❝ ❡st
✈✉ ❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ Vs|u = Vsh ≃ c(1− 1/(2γ2sh))✳
✕ ❘é❢ér❡♥t✐❡❧ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ ✭❛♥❣❧❛✐s ✿ ❙❤♦❝❦ ❢r♦♥t ❘❡st ❋r❛♠❡✱ ❙❘❋✮✳ ■❝✐✱ ❧❡ ❢r♦♥t ❞❡
❝❤♦❝ ❡st r❡♣♦s✳ ▲❡ ❝❛❧❝✉❧ ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t ❡st s♦✉✈❡♥t ❢❛✐t ❞❛♥s ❝❡ ré❢ér❡♥t✐❡❧
❝❛r ❧❡s ❧♦✐s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ s✬② ré❞✉✐s❡♥t à ✉♥❡ ❢♦r♠❡ s✐♠♣❧❡✳
✕ ❘é❢ér❡♥t✐❡❧ ❝♦✲♠♦❜✐❧❡ ❛✈❛❧ ✭❛♥❣❧❛✐s ✿ ❉♦✇♥str❡❛♠ ❘❡st ❋r❛♠❡✱ ❉❘❋✮✳ ❉❛♥s ❝❡ ré✲
❢ér❡♥t✐❡❧ ❧✬é❝♦✉❧❡♠❡♥t ♣♦st✲❝❤♦❝ ❡st ❛✉ r❡♣♦s✱ ♦♥ ✈♦✐t ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝ s✬é❧♦✐❣♥❡r
❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ Vs|d → c/3 ❡t ❧❡ ✢♦t ❛♠♦♥t ❛rr✐✈❡r ❛✈❡❝ ✉♥ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③
Γd|u → γsh/
√
2 ❡t ❧❡ ❢❛❝t❡✉r ❞❡ ❝♦♠♣r❡ss✐♦♥ ❡st nd/nu = 3✱ s✐ γsh ≫ 1✳
■❧ s❡r❛ ❞♦♥❝ ♣ré❝✐sé ❞❛♥s q✉❡❧ ré❢ér❡♥t✐❡❧ ♦♥ s❡ ♣❧❛❝❡ à ❝❤❛q✉❡ ❢♦✐s q✉❡ ❧❡s ❡st✐♠❛t✐♦♥s
♥✉♠ér✐q✉❡s ♦✉ ❡♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r s❡r♦♥t ❢❛✐t❡s✳
❘❡♣r❡♥♦♥s ❞❛♥s ❧❡ t❛❜❧❡❛✉ s✉✐✈❛♥t ❧❡s q✉❛♥t✐tés ❝❛r❛❝tér✐st✐q✉❡s ✈✉❡s ❞❛♥s ❝❡s ré❢é✲
r❡♥t✐❡❧s ✿
◗✉❛♥t✐té ❯❘❋ ❙❘❋ ❉❘❋
❱✐t❡ss❡ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ vsh vsh→ c ✵ → 1/3
❋❛❝t❡✉r ❞❡ ▲♦r❡♥t③ γsh ✶ 3/2
√
2
▼❛❣♥ét✐s❛t✐♦♥ ✭σ✮ B
2
0
4πn0mpc2
✲ ✲
➱♥❡r❣✐❡ ♣❛rt✐❝✉❧❡s γ2shmpc
2 γshmpc
2 ∼ γshmpc2
ré✢é❝❤✐❡s ✭❢❛✐s❝❡❛✉✮
✷✳✹ ❊✛❡ts ✉❧tr❛✲r❡❧❛t✐✈✐st❡s
❉❛♥s ❧❡ ❝❛s ❞❡s ❝❤♦❝s ❡①t❡r♥❡s ❞❡s ❙● ❡t ❞❡s ◆❱P✱ ♦♥ ❛ ❞❡s ❢❛❝t❡✉rs ❞❡ ▲♦r❡♥t③
très ❣r❛♥❞s γsh ≫ 1 ❡t ❧❡s ❡✛❡ts r❡❧❛t✐✈✐st❡s ❞❡✈✐❡♥♥❡♥t ✐♠♣♦rt❛♥ts✳ ❈❡s ❡✛❡ts s♦♥t ❧❛
❢♦❝❛❧✐s❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s ❞❛♥s ✉♥ ❝ô♥❡ très étr♦✐t ❞❡✈❛♥t ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝✱
r❡str✐❝t✐♦♥ ❞❡s ❛♥❣❧❡s ❧♦rs ❞✉ ♣❛ss❛❣❡ ❞❡s ♣❛rt✐❝✉❧❡s ❞✬✉♥ ❝ôté à ❧✬❛✉tr❡ ❞✉ ❝❤♦❝ ❡t ❧❛
❣é♥ér❛t✐♦♥ ❞✬✉♥❡ t✉r❜✉❧❡♥❝❡ ❛♥✐s♦tr♦♣❡✳
❈♦♥s✐❞ér♦♥s ❧❡ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s ré✢é❝❤✐s s✉r ❧❡ ❢r♦♥t ❞✉ ❝❤♦❝ q✉✐ ♣♦rt❡ ✉♥❡ ❞❡♥s✐té
❞✬é♥❡r❣✐❡ n0γ2shmpc
2 ❡t ❝❤❛q✉❡ ♣❛rt✐❝✉❧❡ ❛ ✉♥❡ é♥❡r❣✐❡ ∼ γ2shmpc2 ✭❞❛♥s ❧✬❯❘❋✮✳ ▲❛
♣♦♣✉❧❛t✐♦♥ s✉♣r❛✲t❤❡r♠✐q✉❡ s❡ ❢♦r♠❡ à ♣❛rt✐r ❞❡ ❝❡tt❡ é♥❡r❣✐❡✲❧à✳ ❚♦✉t❡s ❧❡s ♣❛rt✐❝✉❧❡s
❛✐♥s✐ q✉❡ ❝❡❧❧❡s q✉✐ r❡✈✐❡♥♥❡♥t ❞✉ ♠✐❧✐❡✉ ❛✈❛❧ ❛✉ ❞❡✈❛♥t ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ s♦♥t ❢♦❝❛❧✐sé❡s
✷✻ ✷✳✹✳ ❊❋❋❊❚❙ ❯▲❚❘❆✲❘❊▲❆❚■❱■❙❚❊❙
❞❛♥s ✉♥ ❝ô♥❡ ❞✬❡①t❡♥s✐♦♥ ❛♥❣✉❧❛✐r❡ très ♣❡t✐ts ❛✉t♦✉r ❞❡ ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝ ❞✬❛♥❣❧❡
∼ 1/γsh✳ ■❧ s✉✣t ❛✉① ♣❛rt✐❝✉❧❡s ❞✬êtr❡ ❧é❣èr❡♠❡♥t ❞é✢é❝❤✐❡s ♣♦✉r êtr❡ r❛ttr❛♣é❡s ♣❛r ❧❡
❢r♦♥t✳ ❈♦♠♠❡ ❧✬♦♥t ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❬✶✽✱ ✶✾❪ ❧❡ ❝ô♥❡ ❞❡ ♣❡rt❡s ❧❡ ❧♦♥❣ ❞❡ ❧❛ ♥♦r♠❛❧❡ ❛✉
❝❤♦❝ ✭❞✐r❡❝t✐♦♥ +x ✐❝✐✮ ❡st ❝♦♥tr❛✐♥t ♣❛r 1 − 2/γ2sh < vx/c < 1 − 1/γ2sh✳ ▲❡s ♣❛rt✐❝✉❧❡s
❛✈❡❝ ❧❛ ❝♦♠♣♦s❛♥t❡ ❞❡ ✈✐t❡ss❡ ❧❡ ❧♦♥❣ ❞❡ x ♣❧✉s ♣❡t✐t❡ ♥❡ ♣❡✉✈❡♥t r❡st❡r ❞❡✈❛♥t ❧❡ ❢r♦♥t✳
■❧❧✉str♦♥s ❝❡t ❡✛❡t ♣❛r ✉♥❡ s✐♠✉❧❛t✐♦♥ ♥✉♠ér✐q✉❡ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❞❡✈❛♥t ❧❡
❢r♦♥t ✭γsh = 100✮✱ ❡♥ ❛♣♣r♦①✐♠❛t✐♦♥ ♣❛rt✐❝✉❧❡s✲t❡st✳ ❆ t = 0 ♦♥ ✐♥❥❡❝t❡ ✉♥ ❢❛✐s❝❡❛✉ très
❛♥✐s♦tr♦♣❡ ❞❡ ♣❛rt✐❝✉❧❡s ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝ ❛✈❡❝ vx > vsh ❡t ♦♥ ❡♥r❡❣✐str❡ ❞❛♥s q✉❡❧❧❡s
❝♦♥❞✐t✐♦♥s ❝❡❧❧❡s✲❝✐ s♦♥t r❛ttr❛♣é❡s ♣❛r ❧❡ ❢r♦♥t✳ ❉❛♥s ❧❛ ❋✐❣✉r❡ ✷✳✶ ❥❡ ♣rés❡♥t❡ ❧✬❡s♣❛❝❡ ❞❡
♣❤❛s❡s γshβy✳✈s✳γshβz ❞❡s ♣❛rt✐❝✉❧❡s ❡♥tr❛♥t❡s ✭♣♦✐♥ts r♦✉❣❡s✮ ❡t s♦rt❛♥t❡s ✭♣♦✐♥ts ❜❧❡✉s✮
❞✉ ♠✐❧✐❡✉ ❛♠♦♥t ❡♥ ✸ ❝♦♥✜❣✉r❛t✐♦♥s ❞✐✛ér❡♥t❡s ✿
✶✳ ❈❤❛♠♣ ♠❛❣♥ét✐q✉❡ ré❣✉❧✐❡r ❧❡ ❧♦♥❣ ❞❡ z ✿ B = B0ez✳ ▲❡s ♣❛rt✐❝✉❧❡s ❞❡ ❝❤❛r❣❡
♣♦s✐t✐✈❡✱ ❡♥tr❛♥t ❞❛♥s ❧❡ ❝ô♥❡ ∆θ ≤ 1/γsh✱ s♦♥t t♦✉t❡s t♦✉r♥é❡s ❞❛♥s ❧❡ ♠ê♠❡ s❡♥s
♣❛r ❧✬❡✛❡t ❞❡ ❣✐r❛t✐♦♥ ré❣✉❧✐èr❡ ❡t s♦♥t r❛ttr❛♣é❡s ♣❛r ❧❡ ❢r♦♥t ❡♥ ❛②❛♥t ❞❡s ❛♥❣❧❡s
♣❛r r❛♣♣♦rt à ❧❛ ♥♦r♠❛❧❡ ❛✉ ❢r♦♥t θ ≤ 2/γsh✳ ❈❡tt❡ ✜❣✉r❡ ❡st ✐❞❡♥t✐q✉❡ à ❧❛ ❋✐❣✳✶
❞❛♥s ❬✶✾❪✱ ♦ú ❝❡tt❡ ❛♥✐s♦tr♦♣✐❡ ❛ été ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡s ♣❛rt✐❝✉❧❡s
♣❛ss❡♥t ✈❡rs ❧❡ ♠✐❧✐❡✉ ❛✈❛❧ ✭♣♦✐♥ts ❜❧❡✉s✮ ❛✈❡❝ ❧❛ ❝♦♠♣♦s❛♥t❡ ❞❡ ✈✐t❡ss❡ ❧❡ ❧♦♥❣
❞❡ ❧❛ ♥♦r♠❛❧❡ βx ∈ [−1,−1/3] ✭❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❝♦✲♠♦❜✐❧❡ ❛✈❛❧✱ ❉❘❋✮✱ ❝❡ q✉✐
♥❡ ❧❡✉r ♣❡r♠❡t ♣❛s ❞❡ r❡✲❛ttr❛♣❡r ❧❡ ❢r♦♥t ❞✉ ❝❤♦❝✱ ♣✉✐sq✉❡ ❧❡ t❡♠♣s ❞❡ ❢❛✐r❡ ❧❛
❣②r❛t✐♦♥ ré❣✉❧✐èr❡ s♦✉s ❧✬❡✛❡t ❞❡ B0✱ ❧❡ ❢r♦♥t s❡ tr♦✉✈❡ tr♦♣ ❧♦✐♥ ❡t ❧❛ ♣❛rt✐❝✉❧❡ ❡st
❛❞✈❡❝té❡✳ ❈❡ rés✉❧t❛t ♣❡✉t êtr❡ ❝❛❧❝✉❧é ❡①❛❝t❡♠❡♥t ❡♥ ❝♦♥s✐❞ér❛♥t ❧❛ ❝✐♥é♠❛t✐q✉❡ ❞❡
❧❛ ♣❛rt✐❝✉❧❡✱ ✭❡✳❣✳ ✈♦✐r P❡❧❧❡t✐❡r ❡t ❛❧✳ ❬✷✵❪✮✳ ❆✐♥s✐✱ ✉♥ s❡✉❧ ❝②❝❧❡ ❡t ❞❡♠✐ ❡st ♣♦ss✐❜❧❡✱
t♦✉s ❧❡s ❝②❝❧❡s ❞✬❛❝❝é❧ér❛t✐♦♥ s✉✐✈❛♥ts s♦♥t ❜❧♦q✉és s♦✉s ❧✬❡✛❡t ❞✬❛❞✈❡❝t✐♦♥✳
✷✳ ❈❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♠✐❝r♦✲t✉r❜✉❧❡♥t✱ s❡✉❧ ✿ B = δB✱ ✐s♦tr♦♣❡✳ ▲❡ r❛②♦♥ ❞❡ ▲❛r♠♦r
❞❡ ♣❛rt✐❝✉❧❡s ❡st ♣❧✉s ❣r❛♥❞ q✉❡ ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡ ❞✉ ❝❤❛♠♣✳ ❉❛♥s ❝❡ ❝❛s✲
❧à✱ ❧❡s ♣❛rt✐❝✉❧❡s s♦♥t t♦✉❥♦✉rs r❛ttr❛♣é❡s ♣❛r ❧❡ ❢r♦♥t ❞❛♥s ✉♥ ❛♥❣❧❡ θ ≤ 2/γsh✱
♠❛✐s ❞✬✉♥❡ ♠❛♥✐èr❡ ❛❧é❛t♦✐r❡ ❡t ✐s♦tr♦♣❡✳ ❊❧❧❡s ♣❛ss❡♥t ✈❡rs ❧✬❛✈❛❧ ❞✉ ❝❤♦❝ ❛✈❡❝
βx ∈ [−1, 1/3] ✭❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❝♦✲♠♦❜✐❧❡ ❛✈❛❧✱ ♦ù ❧❡ ❝❤♦❝ s✬é❧♦✐❣♥❡ ❛✈❡❝ ✉♥
✈✐t❡ss❡ +c/3ex✮✳ ❈❡ q✉✐ ❧❡✉r ♣❡r♠❡t ❞❡ r❡✲❛ttr❛♣❡r ❧❡ ❢r♦♥t ❡t ❝♦♥t✐♥✉❡r ❧❡s ❝②❝❧❡s
❞❡ ❋❡r♠✐✳
✸✳ ❉❡✉① ❝♦♠♣♦s❛♥t❡s✱ ❝❤❛♠♣ ré❣✉❧✐❡r ❢❛✐❜❧❡ ✰ ❝❤❛♠♣ ♠✐❝r♦✲t✉r❜✉❧❡♥t✱ ❛✈❡❝ δB2/B20 =
100 ❡t ρ = r¯L/ℓc = 1000 ✭à ♥❡ ♣❛s ❝♦♥❢♦♥❞r❡ ❛✈❡❝ ❧❛ ❞❡♥s✐té ❞❡ ♠❛ss❡✮✳ ❉❛♥s ❝❡ ❝❛s
❧❛ r✐❣✐❞✐té ❞❡s ♣❛rt✐❝✉❧❡s ❞❡✈✐❡♥t s✐ ❣r❛♥❞❡ q✉✬❡❧❧❡s ♥❡ r❡ss❡♥t❡♥t ♣❧✉s ❧✬❡✛❡t ❞❡ ❧❛
♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ❡t r❡✈✐❡♥♥❡♥t s♦✉s ❧✬❡✛❡t ❞❡ ❧❛ ❣✐r❛t✐♦♥ ré❣✉❧✐èr❡ ✭à ❝♦♠♣❛r❡r ❛✉
❝❛s ✶ ❞❡ ❋✐❣ ✷✳✶✮✳ ❖♥ ❜❧♦q✉❡✱ ♣❛r ❝♦♥séq✉❡♥❝❡✱ à ♥♦✉✈❡❛✉ ❧❡ ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥✱
❞✬❛✉t❛♥t ♣❧✉s q✉❡ ❧✬é♥❡r❣✐❡ ❞❡s ♣❛rt✐❝✉❧❡s ❡st ❣r❛♥❞❡✱ ♣✉✐sq✉❡ ❧❡✉r r❛②♦♥ ❞❡ ▲❛r♠♦r
❡st ❛❧♦rs ♣❧✉s ❣r❛♥❞✳ ❖♥ t❡♥❞ ❛❧♦rs ✈❡rs ❧❡ ❝❛s ✶✱ ♦ù ❧✬❛❝❝é❧ér❛t✐♦♥ ❡st ✐♠♣♦ss✐❜❧❡✳
❈❍❆P■❚❘❊ ✷✳ ▼❖❉➮▲❊ ❉❯ ❈❍❖❈ ❘❊▲❆❚■❱■❙❚❊ ✷✼
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✭❝✮ δB +B0✱ ρ = 1000
❋✐❣✳ ✷✳✶✿ P♦s✐t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡ ♣❧❛♥ βyγsh ✈s βzγsh ❡♥ tr♦✐s ❝♦♥✜❣✉r❛t✐♦♥s ❞❡
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ▲❡ ❝❤♦❝ s❡ ♣r♦♣❛❣❡ ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ +x ❛✈❡❝ ❧❛ ✈✐t❡ss❡ vsh/c ≃ 1−
1/2γ2sh✳ ▲✬❛✣❝❤❛❣❡ ❡t ❧❡s ❝❛❧❝✉❧s ♥✉♠ér✐q✉❡s s♦♥t ❢❛✐ts ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❝♦✲♠♦❜✐❧❡ ❛♠♦♥t
✭❯❘❋✮✳ P♦✐♥ts r♦✉❣❡s ✿ ♣❛rt✐❝✉❧❡s ❡♥tr❛♥t❡s ✭❛✈❛❧ → ❛♠♦♥t✮✱ ♣♦✐♥ts ❜❧❡✉s ✿ ♣❛rt✐❝✉❧❡s
s♦rt❛♥t❡s ✈❡rs ❧❡ ♠✐❧✐❡✉ ❝❤♦q✉é✳ ❉❡✉① ❝❡r❝❧❡s ❡♥ tr❛✐ts ♣❧❡✐♥s ❞é❧✐♠✐t❡♥t γshβ⊥ = 1 ❡t
γshβ⊥ = 2✳ ▲❛ ✜❣✉r❡ ❞❡ ❣❛✉❝❤❡ ❡st ❧✬éq✉✐✈❛❧❡♥t ❞❡ ❧❛ ❋✐❣✉r❡ ✶ ❞❡ ❆❝❤t❡r❜❡r❣ ❡t ❛❧✳ ❬✶✾❪✱
❞♦♥t ❧❛ ❞❡s❝r✐♣t✐♦♥ ❡st ❞♦♥♥é❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t✳ ❙❛✉❢ q✉❡ ❞❛♥s ❧❡ ❝❛s ✐❝✐ ❧❛
♥♦r♠❛❧❡ ❛✉ ❝❤♦❝ ❡st s✉✐✈❛♥t +x ❛✉ ❧✐❡✉ ❞✬êtr❡ s✉✐✈❛♥t +z ❞❛♥s ❬✶✾❪✳ ▲❛ ❞é✢❡①✐♦♥ ❞❡s
♣❛rt✐❝✉❧❡s ❡st ❞♦♥❝ ré❣✉❧✐èr❡ s♦✉s ❧✬❡✛❡t ❞✉ ❝❤❛♠♣ B0ez ❝♦♥st❛♥t✳ ▲❛ ✜❣✉r❡ ❛✉ ❝❡♥tr❡
❡st ❧❡ rés✉❧t❛t ❞❡s s✐♠✉❧❛t✐♦♥s ❧♦rsq✉✬♦♥ r❡♠♣❧❛❝❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ré❣✉❧✐❡r ♣❛r ✉♥❡
♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♣✉r❡ δB ❡t ❧❡ r❛②♦♥ ❞❡ ▲❛r♠♦r ❡✛❡❝t✐❢ ❞❡s ♣❛rt✐❝✉❧❡s ✭r¯L✮ ❡st ❧é❣èr❡♠❡♥t
s✉♣ér✐❡✉r à ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡ ℓc ❞✉ ❝❤❛♠♣ t✉r❜✉❧❡♥t✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡s ♣❛rt✐❝✉❧❡s
♣❛ss❡♥t ✈❡rs ❧✬❛✈❛❧ ❞✉ ❝❤♦❝ ❛✈❡❝ βx|d ∈ [−1/3, 1/3]✳ ❈❡ q✉✐ ❧❡✉r ♣❡r♠❡t ❞❡ ré✲r❛ttr❛♣❡r
❧❡ ❢r♦♥t ❡t ❝♦♥t✐♥✉❡r ❧❡s ❝②❝❧❡s ❞❡ ❋❡r♠✐✳ ❉✬❛✉t❛♥t ♣❧✉s q✉❡ ❧❛ r❡str✐❝t✐♦♥ ❝✐♥é♠❛t✐q✉❡ ❞✉
❝❤❛♠♣ ♠♦②❡♥ B0 ♥✬❡st ♣❛s ♣rés❡♥t❡✳ ❉❛♥s ❧❡ ❞❡r♥✐❡r ❝❛s ✭✜❣✉r❡ ❞❡ ❞r♦✐t❡✮✱ ♦♥ rét❛❜❧✐t
❡♥ q✉❡❧q✉❡ s♦rt❡✱ ❝❡tt❡ r❡str✐❝t✐♦♥ ❡♥ ♣r❡♥❛♥t ❧❡s ❞❡✉① ❝♦♠♣♦s❛♥t❡s✱ ❝❤❛♠♣ ♠♦②❡♥ ✰
❢♦rt❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ✭δB/B0 = 100✮✱ ♠❛✐s ❛✈❡❝ ✉♥❡ très ❣r❛♥❞❡ r✐❣✐❞✐té ❞❡s ♣❛rt✐❝✉❧❡s
✭ρ = r¯L/ℓc = 1000✮✳ P✉✐sq✉❡ ❧❛ r✐❣✐❞✐té ❡st s✐ ❣r❛♥❞❡ ρ > δB/B0✱ ❧✬❡✛❡t ❝✐♥é♠❛t✐q✉❡ ❞✉
❝❤❛♠♣ ré❣✉❧✐❡r ❡st ♣❧✉s ❢♦rt q✉❡ ❝❡❧✉✐ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ❡t ♦♥ t❡♥❞ ✈❡rs ❧❡ ♣r❡♠✐❡r ❝❛s ❞❡
✜❣✉r❡✱ ♦ù ❧✬❛❝❝é❧ér❛t✐♦♥ ❡st ❜❧♦q✉é❡✳
✷✽ ✷✳✺✳ P❆❘❆▼➮❚❘❊❙ ❙❆◆❙ ❉■▼❊◆❙■❖◆
▲❡ ♣❧✉s ❞r❛♠❛t✐q✉❡✱ ❝✬❡st q✉❡ ❧❡ rés✉❧t❛t ❡st ❧❡ ♠ê♠❡ q✉❛♥❞ ♦♥ s✉♣❡r♣♦s❡ ✉♥❡ t✉r❜✉✲
❧❡♥❝❡ à ❣r❛♥❞❡ é❝❤❡❧❧❡ s✉r ❧❡ ❝❤❛♠♣ ♠♦②❡♥ ❬✷✶✱ ✷✷❪✳ ▲✬❡✛❡t ❞❡ ❝♦♠♣r❡ss✐♦♥ ❞❡s ❧♦♥❣✉❡✉rs
❧❡ ❧♦♥❣ ❞❡ ❧❛ ♥♦r♠❛❧❡ ❢❛✐t q✉❡ ❧❛ t✉r❜✉❧❡♥❝❡ s❡ ❝♦♠♣♦rt❡ ❝♦♠♠❡ ❧❡ ❝❤❛♠♣ ré❣✉❧✐❡r ❡t ❧✬❛❝✲
❝é❧ér❛t✐♦♥ ❡st ❛rrêté❡✳ ▲❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ❢♦rt❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ❡st ❞♦♥❝ ✐♥❞✐s♣❡♥s❛❜❧❡
♣♦✉r ❞é✈❡rr♦✉✐❧❧❡r ❧❡ ♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐ ❬✷✶✱ ✷✵❪✱ ❞♦♥t ♦♥ ♣❡✉t ✈♦✐r ❧❡ rés✉❧t❛t ❞❛♥s ❧❡s
❝❛s ✷ ❡t ✸ ❞❡ ❧❛ ❋✐❣✉r❡ ✷✳✶✳ ❈❡ ❞é✈❡rr♦✉✐❧❧❛❣❡ ♥❡ ❢♦♥❝t✐♦♥♥❡ q✉❡ s✉r ✉♥❡ ❜❛♥❞❡ ❞é✜♥✐❡
❞✬é♥❡r❣✐❡s ❞❡s ♣❛rt✐❝✉❧❡s ❡t✱ ❝♦♠♠❡ ❧✬✐❧❧✉str❡ ❧❡ ❝❛s ✸✱ ❧❡ ♣r♦❝❡ss✉s ❡st ✈❡rr♦✉✐❧❧é à ♥♦✉✈❡❛✉
à ❞❡s é♥❡r❣✐❡s tr♦♣ ❣r❛♥❞❡s✱ ♣✉✐sq✉❡ ❧❛ ❝✐♥é♠❛t✐q✉❡ ❞❡✈✐❡♥t ❧❛ ♠ê♠❡ q✉❡ ❞❛♥s ❧❡ ❝❛s ✶✳
✷✳✹✳✶ ❚❡♠♣s ❞✬✉♥ ❝②❝❧❡
❉❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s ♦♥ ♣❡✉t é❝r✐r❡ ❧❡ t❡♠♣s ❞✬✉♥ ❝②❝❧❡ ❞❡ ❋❡r♠✐✱ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧
❛♠♦♥t ❝♦♠♠❡ ❬✶✾✱ ✷✸❪
tcyc =
tu|u +
√
2td|d
γsh
✭✷✳✺✮
❖ù tu|u/γsh ❡st ❧❡ t❡♠♣s ❞❡ rés✐❞❡♥❝❡ ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝ ❡t
√
2td|d/γsh ❡st ❧❡ t❡♠♣s ❞❡
rés✐❞❡♥❝❡ ❡♥ ❛✈❛❧✳ ▲❛ ❞✐✈✐s✐♦♥ ♣❛r γsh ❞❛♥s ❧❡ ♣r❡♠✐❡r ❡st ❞✉❡ à ❧❛ ✈✐t❡ss❡ ❞✉ ❝❤♦❝ ✭✈♦✐r ❧❛
❞✐s❝✉ss✐♦♥ ♣❧✉s ❤❛✉t✮ ❡t ❞❛♥s ❧❡ ❞❡✉①✐è♠❡ ❝❛s ❡❧❧❡ ❡st ❞✉❡ à ❧❛ tr❛♥s❢♦r♠❛t✐♦♥ ❞❡ ▲♦r❡♥t③
❛✈❛❧→❛♠♦♥t ✿ tamontd|d =
√
2tavald|d /γsh✳
❆✐♥s✐✱ ✉♥ ❝②❝❧❡ ❞❡ ❋❡r♠✐ ❛✉t♦✉r ❞✬✉♥ ❝❤♦❝ ✉❧tr❛✲r❡❧❛t✐✈✐st❡ ❡st γsh ❢♦✐s ♣❧✉s r❛♣✐❞❡ q✉❡
❞❛♥s ❧❡ ❝❛s ♥♦♥✲r❡❧❛t✐✈✐st❡✳ ❈❡ ♣♦✐♥t ❢❛✐t ♣❡♥❝❤❡r ❡♥ ❢❛✈❡✉r ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s
❛✉① ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❞❡ ♣❛✐r ❛✈❡❝ ❧✬❡st✐♠❛t✐♦♥ ❧❛ ♣❧✉s ♦♣t✐♠✐st❡ ❞✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡
✭❝r✐tèr❡ ❞❡ ❍✐❧❛s✮✱ ❛♠♣❧✐✜é ♣❛r ❧❡ ❢❛❝t❡✉r γsh ♣❛r r❛♣♣♦rt ❛✉① ❝❤♦❝s ♥♦♥✲r❡❧❛t✐✈✐st❡s✳
✷✳✺ P❛r❛♠ètr❡s s❛♥s ❞✐♠❡♥s✐♦♥
❆ ❝❡ ♣♦✐♥t✱ ✐❧ ❡st ✉t✐❧❡ ❞✬✐♥tr♦❞✉✐r❡ ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♣❛r❛♠ètr❡s s❛♥s ❞✐♠❡♥s✐♦♥ q✉✐
❝❛r❛❝tér✐s❡♥t ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝✱ s❡s ♣❡r❢♦r♠❛♥❝❡s ❞✬❛❝❝é❧ér❛t✐♦♥ ❡t ❡✣❝❛❝✐té r❛❞✐❛t✐✈❡✳
▲✬♦❜❧✐q✉✐té θB✱ ❞é✜♥✐❡ ❝♦♠♠❡ ❛♥❣❧❡ ❡♥tr❡ ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣ré✲
❡①✐st❛♥t B0 ♣❛r r❛♣♣♦rt à ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝✱ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❯❘❋✳ ■❧ ❡♥ rés✉❧t❡ ❞❡✉①
❝❛té❣♦r✐❡s ❞❡ ❝❤♦❝s ✿ s✉❜✲❧✉♠✐♥✐q✉❡s ❡t s✉♣❡r❧✉♠✐♥✐q✉❡s✳ ❊♥ ❡✛❡t✱ s✐ ✉♥❡ ♣❛rt✐❝✉❧❡ ❞❡
✈✐t❡ss❡ c✱ s❡ ♣r♦♣❛❣❡❛♥t ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❧✐❣♥❡ ❞✉ ❝❤❛♠♣ ♣❡✉t ❛❧❧❡r ♣❧✉s ✈✐t❡ q✉❡ ❧❡ ❝❤♦❝ ✭✐✳❡✳
❧❛ ♣r♦❥❡❝t✐♦♥ ❞❡ s♦♥ ✈❡❝t❡✉r ✈✐t❡ss❡ s✉✐✈❛♥t ❧❛ ♥♦r♠❛❧❡ ❡st s✉♣ér✐❡✉r❡ à Vsh✮ ❛❧♦rs ❧❡ ❝❤♦❝
❡st s✉❜✲❧✉♠✐♥✐q✉❡✳ P❛r ❝♦♥tr❡✱ s✐ Vsh > c cos θB✱ ❛❧♦rs ❛✉❝✉♥❡ ♣❛rt✐❝✉❧❡ ❧✐é à ❧❛ ❧✐❣♥é ❞✉
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♥❡ ♣❡✉t r❛ttr❛♣❡r ❧❡ ❝❤♦❝✳ ❉❛♥s ❝❡ ❝❛s ❧❡ ❝❤♦❝ ❡st s✉♣❡r❧✉♠✐♥✐q✉❡✳
❉❛♥s ❧❡ ❝❛s ✉❧tr❛✲r❡❧❛t✐✈✐st❡ Vsh/c ≃ 1− 1/(2γ2sh) ❡t ❧✬❛♥❣❧❡ ❝r✐t✐q✉❡ ❡st θB,cr ≃ 1/γsh✳ ❙✐
❧✬♦❜❧✐q✉✐té ❡st ♣❧✉s ❣r❛♥❞❡✱ ❛❧♦rs ❧❡ ❝❤♦❝ ❡st s✉♣❡r❧✉♠✐♥✐q✉❡✳ ◆♦t♦♥s✱ q✉❡ ❝❡ r❛✐s♦♥♥❡♠❡♥t
❡st ❢❛✐t ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❛♠♦♥t✱ ❯❘❋✳ ❙✐ ♦♥ s❡ ♣❧❛❝❡ ❞❛♥s ❧❡ ♣❧❛s♠❛ ❝❤♦q✉é ✭❉❘❋✮✱
❈❍❆P■❚❘❊ ✷✳ ▼❖❉➮▲❊ ❉❯ ❈❍❖❈ ❘❊▲❆❚■❱■❙❚❊ ✷✾
❛❧♦rs ❝❡t ❛♥❣❧❡ ❞❡✈✐❡♥t ≃ 34◦/γsh ✭❡✳❣✳ ❬✷✹✱ ✷✺❪✮✳ ❈❡tt❡ ✈❛❧❡✉r ✈✐❡♥t ❞✉ ❢❛✐t q✉❡ ❧❡ ❝❤♦❝
s✬é❧♦✐❣♥❡ ❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ c/3 ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛s♠❛ ❝❤♦q✉é✱ ❝♦♠♠❡ ♦♥ ❧✬❛ ✈✉ ❞✬❛♣rès ❧❡s
❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t✳ ❉❛♥s ❧❡ ❝❛s s✉♣❡r❧✉♠✐♥✐q✉❡ ❛✉❝✉♥❡ ♣❛rt✐❝✉❧❡ ❞✉ ♠✐❧✐❡✉ ❛✈❛❧ ♥❡ ♣❡✉t
r❡♠♦♥t❡r ❧❡ ❝❤♦❝✱ s❛✉❢ s✐ ✉♥❡ ❞✐✛✉s✐♦♥ tr❛♥s✈❡rs❡ ❛✉① ❧✐❣♥❡s ❞❡ ❝❤❛♠♣ ❛ ❧✐❡✉✳
▲❛ ♠❛❣♥ét✐s❛t✐♦♥ ❞✉ ♠✐❧✐❡✉ ✭✐♥✈❛r✐❛♥t ❞❛♥s ❧❡s ré❢ér❡♥t✐❡❧s ❝♦♥s✐❞érés✮ ✿
σ =
B20/4π
n0mpc2
=
(
ωc
ωp
)2
=
1
M2A
≃ β2A. ✭✷✳✻✮
❈❡ ♣❛r❛♠ètr❡ ❡st ❝r✉❝✐❛❧ ♣♦✉r ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝✱ ♠ê♠❡ s✐ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♥✬❡st
♣❛s ❞②♥❛♠✐q✉❡♠❡♥t ✐♠♣♦rt❛♥t✳ ❙❛ ✈❛❧❡✉r ✈❛ ❝♦♥tr❛✐♥❞r❡ ❧❛ ❧♦♥❣✉❡✉r ❞✉ ♣ré❝✉rs❡✉r ♦ù
❧❡ ❢❛✐s❝❡❛✉ ❞❡ ♣❛rt✐❝✉❧❡s ré✢é❝❤✐❡s ✐♥t❡r❛❣✐t ❛✈❡❝ ❧❡ ♣❧❛s♠❛ ❞❡ ❢♦♥❞✳ ❈❡tt❡ ❧♦♥❣✉❡✉r ❡st
t②♣✐q✉❡♠❡♥t ❧❡ r❛②♦♥ ❞❡ ▲❛r♠♦r ❞❡s ♣❛rt✐❝✉❧❡s ❞✉ ❢❛✐s❝❡❛✉ ❞✐✈✐sé❡ ♣❛r ❧❡ ❢❛❝t❡✉r ❞❡
▲♦r❡♥t③ ❞✉ ❝❤♦❝ ✿ ℓprec = mpc2/(eB0γsh)✱ ❬✶✶❪✳ ❙✐ ❧❡ ♣ré❝✉rs❡✉r ❡st ❛ss❡③ ❧♦♥❣ ✭σ ≪ 10−4✮
♣❧✉s✐❡✉rs ✐♥st❛❜✐❧✐tés ♣❧❛s♠❛ ♦♥t ❧❡ t❡♠♣s ❞❡ s❡ ❞é✈❡❧♦♣♣❡r ❡t ❡♥❣❡♥❞r❡r ✉♥❡ t✉r❜✉❧❡♥❝❡
❞❡ ❣r❛♥❞❡ ❛♠♣❧✐t✉❞❡✳ ❙✐ ❧❡ ♣ré❝✉rs❡✉r ❡st tr♦♣ ♣❡t✐t ✭σ ≫ 10−4✮✱ ♦♥ ✐♥❤✐❜❡ ❧❡s ✐♥st❛❜✐❧✐tés
❡t ❧❡ ❝❤♦❝ ❞♦✐t êtr❡ ❝♦♥❞✐t✐♦♥♥é ♣❛r ✉♥ ♠é❝❛♥✐s♠❡ ❞✐✛ér❡♥t✳
▲❡s ❢❛❝t❡✉rs ❞❡ ❝♦♥✈❡rs✐♦♥ ❡♥ ♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s ξcr ❡t ❡♥ t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡
ξB s♦♥t ❞é✜♥✐s ❝♦♠♠❡ ✿
Pcr|f = ξcrγ2shn0mpc
2 ✭✷✳✼✮
B¯2|f
4π
= ξBγ
2
shn0mpc
2 ✭✷✳✽✮
❛✈❡❝ Pcr|f ✿ ♣r❡ss✐♦♥ ❞❡s ❝♦s♠✐q✉❡s ❡t B¯|f ✿ ♥✐✈❡❛✉ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡✱ ♠❡s✉rés
❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✳ ■❧s r❡♣rés❡♥t❡♥t ❧❡ ❝♦♥t❡♥✉ é♥❡r❣ét✐q✉❡ ❞❛♥s ❧❡s ♣❛r✲
t✐❝✉❧❡s s✉♣r❛✲t❤❡r♠✐q✉❡s ❡t ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ✭▲❛ s♦♠♠❡ ❞❡ t♦✉s ❧❡s ξ ❞♦✐t ❢❛✐r❡ ✶✮✳
❈❡s ❞❡✉① ♣❛r❛♠ètr❡s ♣❡r♠❡tt❡♥t ❞❡ ❢❛✐r❡ ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❛ t❤é♦r✐❡✱ ❧❡s s✐♠✉❧❛t✐♦♥s ❡t ❧✬♦❜✲
s❡r✈❛t✐♦♥✳ ▲❡s s✐♠✉❧❛t✐♦♥s ❞♦♥♥❡♥t ❞❡s ✈❛❧❡✉rs ❞❡ ré❢ér❡♥❝❡✱ ♣❡r♠❡tt❛♥t ❞❡ ❝♦♥tr❛✐♥❞r❡
❧❡ ♠♦❞è❧❡ ❛♥❛❧②t✐q✉❡ ❡t ❞❡ ❞✐r❡ s✐ ❝❡s ✈❛❧❡✉rs s♦♥t ❝♦♥s✐st❛♥t❡s ❛✈❡❝ ❧❡s ♠♦❞è❧❡s ♣❛r❛♠é✲
tr✐q✉❡s ❞❡s ♦❜s❡r✈❛t✐♦♥s✳ ❚②♣✐q✉❡♠❡♥t✱ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❞❡s ❙● ✐♠♣❧✐q✉❡♥t ✉♥❡ ❢r❛❝t✐♦♥
❞❡ ❧✬♦r❞r❡ ❞❡ ✵✳✶ ❞❛♥s ❧❡s é❧❡❝tr♦♥s ❛❝❝é❧érés✳
✷✳✻ ➱♠❡r❣❡♥❝❡ ❡t str✉❝t✉r❡ ❞❡ ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡
❉❛♥s ❝❡tt❡ s❡❝t✐♦♥ ❥❡ ♥❡ ❞✐s❝✉t❡ q✉❡ ❧❡ ❝❛s ❞✬✉♥❡ ♠❛❣♥ét✐s❛t✐♦♥ s✉✣s❛♠♠❡♥t ❢❛✐❜❧❡
q✉✐ ♣❡r♠❡t ❞✬♦♠❡ttr❡ t♦✉t ❡✛❡t ❞❡ ❣✐r❛t✐♦♥ ❞❛♥s ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡✱ ✐✳❡✳ σ ≪ 1✳
▲❡ s❡✉❧ rô❧❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ ❡st ❛❧♦rs ❞❡ ❧✐♠✐t❡r ❧❛ ❧♦♥❣✉❡✉r ❞❡ ♣é♥étr❛t✐♦♥
❞✉ ❢❛✐s❝❡❛✉ ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝✳ ❈❡ ré❣✐♠❡ ❡st s❛✐❧❧❛♥t ♣✉✐sq✉❡ ❧✬❡①✐st❡♥❝❡ ♠ê♠❡
✸✵ ✷✳✻✳ ▼■❈❘❖✲❚❯❘❇❯▲❊◆❈❊ ➱▲❊❈❚❘❖▼❆●◆➱❚■◗❯❊
❞❡s ❝❤♦❝s ❞❛♥s ❝❡ ❝❛s ❡st ♣r♦❜❧é♠❛t✐q✉❡✱ ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ❧❡s ♣❛rt✐❝✉❧❡s✳
▲❛ q✉❡st✐♦♥ ❞❡ ❣é♥ér❛t✐♦♥ ❞❡ ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ❡st ✐♥t✐♠❡♠❡♥t ❧✐é❡ à ❧✬✐♥t❡r❛❝t✐♦♥
❡♥tr❡ ✉♥ ❢❛✐s❝❡❛✉ très é♥❡r❣ét✐q✉❡ ❡t ❧❡ ♣❧❛s♠❛ ❞❡ ❢♦♥❞✳ ❈❡ ❢❛✐s❝❡❛✉ ♣❡✉t êtr❡ ❧❡ ❥❡t✱ é♠✐s
s✉✐t❡ à ❧✬❛❝t✐✈✐té ❞❡ ❧✬♦❜❥❡t ❝♦♠♣❛❝t ♦✉ ❜✐❡♥ ❧❡ ❢❛✐s❝❡❛✉ ❞❡ ♣❛rt✐❝✉❧❡s ré✢é❝❤✐❡s ❡t ❛❝❝é❧érés
♣❛r ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝✳ ❆✐♥s✐✱ ❞❡✉① ❛s♣❡❝ts ❞✬✉♥❡ t❡❧❧❡ ✐♥t❡r❛❝t✐♦♥ s♦♥t ✐♠♣♦rt❛♥ts ❞❛♥s ❧❡
❝❛❞r❡ ❞❡ ❝❤♦❝s r❡❧❛t✐✈✐st❡s✳ ❉✬✉♥❡ ♣❛rt✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝ ❧✉✐✲♠ê♠❡ ❡st ♣r♦❜❛❜❧❡♠❡♥t
❞✉❡ à ✉♥❡ t❡❧❧❡ ✐♥t❡r❛❝t✐♦♥ ❡t ❧✬✐♥st❛❜✐❧✐té ❧❛ ♣❧✉s ✈✐❣♦✉r❡✉s❡ ❛ ❝♦♠♠❡ ❡✛❡t ❧❛ ❢♦r♠❛t✐♦♥
❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✳ ❉✬❛✉tr❡ ♣❛rt✱ ✉♥❡ ❢♦✐s ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝ ❢♦r♠é✱ ❧❛ ❞✐ss✐♣❛t✐♦♥ ❞✬é♥❡r❣✐❡ ❡st
♥é❝❡ss❛✐r❡ ❛✉ ♠❛✐♥t✐❡♥ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ❢r♦♥t ❝♦♥tr❡ ❧✬❡✛❡t ❞❡ r❛✐❞✐ss❡♠❡♥t ✭❞é❢❡r❧❡♠❡♥t✮
❞❡ ❧✬♦♥❞❡✳ ▲❡ ré❣✐♠❡ ét❛♥t s✉♣❡r❝r✐t✐q✉❡ ✭MA ≃ 1/
√
σ ≫ 1✮✱ ❧❛ ❞✐ss✐♣❛t✐♦♥ ❡st ♣r♦❞✉✐t❡
♣❛r ❧❛ ré✢❡①✐♦♥ ❞✬✉♥❡ ❢r❛❝t✐♦♥ ❞❡ ♣r♦t♦♥s ✐♥❝✐❞❡♥ts s✉r ❧❡ ❢r♦♥t ❡t ❧❡✉r ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝
❧❡ ♣❧❛s♠❛ ❞❡ ❢♦♥❞ ❬✶✶❪✳ ▲❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❞✉ ♠✐❧✐❡✉ ♣❛r ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥ rés✉❧t❡ ❡♥
❣é♥ér❛t✐♦♥ ❞✬✉♥❡ ✐♥t❡♥s❡ t✉r❜✉❧❡♥❝❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡✱ ❞❡ ❝❤❛✉✛❛❣❡ ❡t ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡
♣❛rt✐❝✉❧❡s✳
❉é♠❛r❝❤❡ ❣é♥ér❛❧❡ ◆❛t✉r❡❧❧❡♠❡♥t✱ ❧❡ ❝❛❞r❡ ❝♦♥❝❡♣t✉❡❧ s❡ ♣❧❛❝❡ ❞❛♥s ❧❛ ❞❡s❝r✐♣t✐♦♥
♣❧❛s♠❛ ❞✉ s②stè♠❡ ❢❛✐s❝❡❛✉ ✲ ♣❧❛s♠❛ ❢r♦✐❞ ❛✉ r❡♣♦s✳ ❊♥ t♦✉t❡ ❣é♥ér❛❧✐té✱ ❝♦♥s✐❞ér♦♥s ✉♥
❢❛✐s❝❡❛✉ ❞❡ ❞❡♥s✐té nb✱ ❞❡ ✈✐t❡ss❡ vb ❡t ❞❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ γb ♣❛r r❛♣♣♦rt ❛✉ ♠✐❧✐❡✉
♥♦♥✲❝❤♦q✉é ✭❛♠♦♥t✮✱ ❝♦♠♣♦sé ❞❡ ♣r♦t♦♥s✳ ▲✬❛♣♣r♦❝❤é ❧✐♥é❛r✐sé❡ ❝♦♥❞✉✐t à ❝♦♥s✐❞ér❡r
❧❛ ré♣♦♥s❡ ❞✉ ♣❧❛s♠❛ à ❧❛ ♣é♥étr❛t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉✳ ❆✐♥s✐✱ ❧❡ t❡♥s❡✉r ❞❡ s✉s❝❡♣t✐❜✐❧✐té
❞✐é❧❡❝tr✐q✉❡ ❞✉ ❢❛✐s❝❡❛✉ ♣❡✉t é❝r✐r❡ ❬✷✻❪ ✿
χbij = −
4πe2
mpω2
∫
d3p
γ
fb(p)
[
δij +
kicβj + kjcβi
ω − k · βc +
(k2c2 − ω2)βiβj
(ω − k · βc)2
]
,
✭✷✳✾✮
❛✈❡❝ p = βγmpc ❡t fb(p) ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉✳ ❊♥ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥
❧❡ ❢❛✐s❝❡❛✉ ❡st ❢r♦✐❞ ❬✶✶❪ ❡t s❡ ♣r♦♣❛❣❡ ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ x✳ ❙❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❡st
❛♣♣r♦①✐♠é❡ ❝♦♠♠❡ ∝ δ (px − γbmpc) δ (p⊥) ❡t s❛ ♣✉❧s❛t✐♦♥ ♣❧❛s♠❛ ❡st ωpb =
√
4πnbe2
γbmp
✳
▲✬éq✉❛t✐♦♥ ✷✳✾ s✬é❝r✐t ❛❧♦rs ✿
χbij = −
ω2pb
ω2
[
δij +
kicβbj + kjcβbi
ω − k · βbc
+
(k2c2 − ω2)βbiβbj
(ω − k · βbc)2
]
. ✭✷✳✶✵✮
▲❡ ♣❧❛s♠❛ ❞❡ ❢♦♥❞✱ ♣♦✉r s❛ ♣❛rt✱ ❡st ❛✉ r❡♣♦s ❡t ❛ ✉♥❡ ❞❡♥s✐té n0✳ ❖♥ ❧❡ ❝♦♥s✐❞èr❡
❢r♦✐❞ ❛✉ss✐ ♣✉✐sq✉❡ ❧❛ ✈✐t❡ss❡ t❤❡r♠✐q✉❡ ❡st ≪ c✳ ▲❛ ❢réq✉❡♥❝❡ ♣❧❛s♠❛ ❞❡s é❧❡❝tr♦♥s ❡st
ωpe =
√
4πn0e2
me
❡t ❞❡ ♠ê♠❡ ♣♦✉r ❧❡s ♣r♦t♦♥s✳
❈❍❆P■❚❘❊ ✷✳ ▼❖❉➮▲❊ ❉❯ ❈❍❖❈ ❘❊▲❆❚■❱■❙❚❊ ✸✶
▲❡ t❡♥s❡✉r ❞✐é❧❡❝tr✐q✉❡ ❞✉ s②stè♠❡ ❢❛✐s❝❡❛✉✲♣❧❛s♠❛ s✬❡①♣r✐♠❡ ❞❛♥s ❝❡ ❝❛s
Λij = χ
b
ij +
(
1− ω
2
pe
ω2
)
− k
2c2
ω2
(
1− kikj
k2
)
. ✭✷✳✶✶✮
❊t ❧❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ ω = f(k) s✬♦❜t✐❡♥t ❡♥ ❝♦♥s✐❞ér❛♥t ❧❡s s♦❧✉t✐♦♥s ♥♦♥✲tr✐✈✐❛❧❡s
♣❛r detΛij = 0✳ ▼ê♠❡ s✐♠♣❧✐✜é ❞❡ ❧❛ s♦rt❡✱ ✐❧ ❡st ❛❧❣é❜r✐q✉❡♠❡♥t ❞✐✣❝✐❧❡ ❞❡ ❞♦♥♥❡r
✉♥❡ s♦❧✉t✐♦♥ ❣é♥ér❛❧❡ à ❧❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ ✭♣♦❧②♥ô♠❡ ❞✬♦r❞r❡ ✻ ❡♥ ω✮ ✳ ▲❡ ♣r♦❝é❞é
st❛♥❞❛r❞ ❝♦♥s✐st❡ à sé❧❡❝t✐♦♥♥❡r ✉♥ ré❣✐♠❡ ❞❡ ❢réq✉❡♥❝❡s ❡t ❞❡ ♥♦♠❜r❡s ❞✬♦♥❞❡ ♣❛rt✐❝✉❧✐❡r✱
♣♦✉r ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧✬✐♥st❛❜✐❧✐té✳
✷✳✻✳✶ ▲❡s ✐♥st❛❜✐❧✐tés ♣❧❛s♠❛
▲❛ ❤✐ér❛r❝❤✐❡ ❞❡s ✐♥st❛❜✐❧✐tés ♣❧❛s♠❛ r❡❧❡✈❛♥t❡s ❛✉① ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❛ été ❛♥❛❧②sé❡
❞❛♥s ❬✷✼✱ ✶✶❪✳ ❉❛♥s ❝❡tt❡ s❡❝t✐♦♥ ❥❡ ♣rés❡♥t❡r❛✐ ✉♥❡ ❛♥❛❧②s❡ s✐♠♣❧✐✜é❡ ❞❡s ✐♥st❛❜✐❧✐tés ❧❡s
♣❧✉s ✈✐❣♦✉r❡✉s❡s ❞❛♥s ❧❡ ré❣✐♠❡ ✉❧tr❛✲r❡❧❛t✐✈✐st❡ à σ ≪ 1✳
❖♥ ❞✐st✐♥❣✉❡ tr♦✐s ❢❛♠✐❧❧❡s ❞✬✐♥st❛❜✐❧✐tés ✿ ❧♦♥❣✐t✉❞✐♥❛❧❡s ✭k ‖ vb✮✱ tr❛♥s✈❡rs❡s k ⊥ vb
❡t ♦❜❧✐q✉❡s k · vb/(kvb) = cosθ✳
■♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥✳ ▲✬✐♥st❛❜✐❧✐té ❞❡ ✜❧❛♠❡♥t❛t✐♦♥ ❡st ✉♥❡ ✐♥st❛❜✐✲
❧✐té tr❛♥s✈❡rs❡ ❛✈❡❝ k ⊥ E ⊥ vb✳ ❙♦♥ ✐♥têr❡t ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❛ été
✐♥tr♦❞✉✐t ♣❛r ▼❡❞✈❡❞❡✈ ✫ ▲♦❡❜ ✶✾✾✾ ❬✼❪ ❡t s♦♥ é✈♦❧✉t✐♦♥ ♥♦♥✲❧✐♥é❛✐r❡ ❛ été ét✉❞✐é❡ à
❧✬❛✐❞❡ ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ❬✽✱ ✷✽❪✳ ❈❡tt❡ ✐♥st❛❜✐❧✐té ♠ér✐t❡ q✉✬♦♥ s✬② ❛tt❛r❞❡ ✉♥ ♣❡✉ ♣♦✉r
♣❧✉s✐❡✉rs r❛✐s♦♥s ✿
✕ ❊❧❧❡ s❡ ❞é❝❧❡♥❝❤❡ ❡♥ ♣rés❡♥❝❡ ❞❡ ❢♦rt❡s ❛♥✐s♦tr♦♣✐❡s ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥✱
s❝é♥❛r✐♦ ❢❛✈♦r✐sé ♣❛r ❧❛ ♣rés❡♥❝❡ ❞✉ ❢❛✐s❝❡❛✉ ✭❡✳❣✳ ❋r✐❡❞ ✶✾✺✾ ❬✹❪✮✳
✕ ❙♦♥ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❡st très r❛♣✐❞❡ ❞❛♥s ❧❡ ré❣✐♠❡ r❡❧❛t✐✈✐st❡ γinst ≃ ωpb ∝ γ−1/2b ✳
▲✬✐♥st❛❜✐❧✐té à ❞❡✉① ❢❛✐s❝❡❛✉① ❝❧❛ss✐q✉❡ ✭k⊥ = 0✮ ❡st ♣❧✉s ❧❡♥t❡ q✉❛♥❞ γb ≫ 1
♣✉✐sq✉✬❡❧❧❡ é✈♦❧✉❡ ❝♦♠♠❡ γ−1b ✳
✕ ❊❧❧❡ ❡st ❝❛♣❛❜❧❡ ❞❡ ❣é♥ér❡r ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡♥ s✉❜✲éq✉✐♣❛rt✐t✐♦♥ ξB ∼ 0.01✱
♥é❝❡ss❛✐r❡ ♣♦✉r r❡♥❞r❡ ❧✬é❝♦✉❧❡♠❡♥t ✐s♦tr♦♣❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❝❤♦q✉é ✭t❤❡r♠❛❧✐s❡r✮✳
P❛s ❜❡s♦✐♥ ❞❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣ré✲❡①✐st❛♥t✳
✕ ❊♥✜♥✱ ❡❧❧❡ ❡st ❝❛♣❛❜❧❡ ❞❡ ♣r♦❞✉✐r❡ ❧❛ ♣❧✉♣❛rt ❞❡ ✈❡rt✉s ✐♠♣✉tés ❛✉① ❝❤♦❝s r❡❧❛✲
t✐✈✐st❡s ❬✼❪ ✿ ❣é♥ér❛t✐♦♥ ❞❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♠✐❝r♦t✉r❜✉❧❡♥t✱ str✉❝t✉r❛t✐♦♥ ❞✉
❝❤♦❝✱ ❛❣❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❡t ❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✱ ♣ré❝❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s à
❧❛ s✉❜✲éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ♣r♦t♦♥s Te ≤ Ti✳ ❉✬♦ù s❛ ♣♦♣✉❧❛r✐té ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳
▲❡ ❝❛❧❝✉❧ ❞✉ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❧✐♥é❛✐r❡ à ♣❛rt✐r ❞❡ ❧✬❡q✳ ✭✷✳✶✶✮ ❡st s✐♠♣❧✐✜é ❝❛r ❧❡s
t❡r♠❡s kvb = 0✳ ❆✐♥s✐ ❧❛ ❞✐r❡❝t✐♦♥ ❧❡ ❧♦♥❣ ❞❡ y ♥✬✐♥t❡r✈✐❡♥t ♣❛s ❞❛♥s ❧❡ ❝❛❧❝✉❧ ❡t s❡✉❧s ❧❡s
✸✷ ✷✳✻✳ ▼■❈❘❖✲❚❯❘❇❯▲❊◆❈❊ ➱▲❊❈❚❘❖▼❆●◆➱❚■◗❯❊
t❡r♠❡s Λxx✱ Λzz ❡t Λxz = Λzx s♦♥t ♥♦♥✲♥✉❧s✳ ▲❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ s✬é❝r✐t ❛❧♦rs ✿
ΛxxΛzz − Λ2zx = 0 . ✭✷✳✶✷✮
❊♥ ✐♠♣♦s❛♥t ✉♥ ♦r❞❡r✐♥❣ ♣❤②s✐q✉❡ ω, ωpi ≪ ωpe ❡t vb ≃ c ♦♥ ❞é❞✉✐t ✿
ω2(1 + k2⊥c
2/ω2pe) +
ω2pb
ω2pe
k2⊥v
2
b = 0 . ✭✷✳✶✸✮
▲✬✉♥❡ ❞❡s ❞❡✉① s♦❧✉t✐♦♥s ❞❡ ❝❡tt❡ éq✉❛t✐♦♥ ❡st ✐♠❛❣✐♥❛✐r❡ ♣♦s✐t✐✈❡✱ ✐✳❡✳ ✐♥st❛❜❧❡✱ ❛✈❡❝ ❧❡
t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡
γWeib. = k⊥vb
√
ω2pb
ω2pe + k
2
⊥c2
. ✭✷✳✶✹✮
❉❛♥s ❧❡ ❝❛s ❞✬✉♥ ❢❛✐s❝❡❛✉ ✉❧tr❛✲r❡❧❛t✐✈✐st❡ ♥♦✉s ♦❜t❡♥♦♥s ❧❡ rés✉❧t❛t ❜✐❡♥ ❝♦♥♥✉ γWeib. ≃
ωpb✱ ♣♦✉r k.vb = 0✳ ❈❡tt❡ ✐♥st❛❜✐❧✐té ❡st ❛✉ss✐ ❛♣ér✐♦❞✐q✉❡ ❝❛r ❧❛ ♣❛rt✐❡ ré❡❧❧❡ ❞❡ ω
❡st ♥✉❧❧❡✳ ❙♦♥ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❡st ♠❛①✐♠❛❧ ♣♦✉r t♦✉s ❧❡s ♥♦♠❜r❡s ❞✬♦♥❞❡ t❡❧s q✉❡
k⊥ ≥ ωpe/c✳
❈♦♠♠❡ ❞✐s❝✉té ❞❛♥s ❬✼❪ ❧✬é✈♦❧✉t✐♦♥ ❧✐♥é❛✐r❡ ❡t ♥♦♥✲❧✐♥é❛✐r❡ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s
✜❧❛♠❡♥ts ♠❛❣♥ét✐q✉❡s ❡t ❡♥ ❞❡♥s✐té ❞❡ t❛✐❧❧❡ ❞❡ q✉❡❧q✉❡s c/ωpe✱ ♠❛✐s ❧♦rsq✉❡ ❧❡s é❧❡❝tr♦♥s
❞❡✈✐❡♥♥❡♥t ❝❤❛✉❞s à ❧✬❛♣♣r♦❝❤❡ ❞✉ ❝❤♦❝✱ ❝❡tt❡ é❝❤❡❧❧❡ ♠✐❣r❡ ✈❡rs ❝❡❧❧❡ ❞❡s ♣r♦t♦♥s c/ωpi
❛✈❡❝ à ♣❡✉ ♣rès ❧❛ ♠ê♠❡ ❡①♣r❡ss✐♦♥ ❞✉ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ✭✈♦✐r✱ ❡✳❣✳✱ ❬✷✾✱ ✸✵❪✮✳
■♥st❛❜✐❧✐té à ❞❡✉① ❢❛✐s❝❡❛✉① ♦❜❧✐q✉❡✳ ▼ê♠❡ s✐ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥
♣❡✉t r❡♣r♦❞✉✐r❡ ❧❡s ❡✛❡ts ❡ss❡♥t✐❡❧s à ❧✬é♠❡r❣❡♥❝❡ ❡t ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❞✉ ❝❤♦❝✱ ❧❛ ♣rés❡♥❝❡
❞✬❛✉tr❡s ✐♥st❛❜✐❧✐tés ❡st ✐♥é✈✐t❛❜❧❡ ❝❛r ❝❡rt❛✐♥❡s ♣♦ssè❞❡♥t ✉♥ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ♣❧✉s
❣r❛♥❞✳ ❈✬❡st ❧❡ ❝❛s ❞❡ ❧✬✐♥st❛❜✐❧✐té à ❞❡✉① ❢❛✐s❝❡❛✉① ♦❜❧✐q✉❡ ✭❖❚❙■✮ ❬✶✶❪✳ ❈✬❡st ✉♥❡ ✈❛r✐❛♥t❡
❞❡ ❧✬✐♥st❛❜✐❧✐té à ❞❡✉① ❢❛✐s❝❡❛✉① ❝❧❛ss✐q✉❡ ♠❛✐s ❛✈❡❝ ❧❡ ✈❡❝t❡✉r ❞✬♦♥❞❡ ♣♦✐♥t❛♥t ❡♥ ❞✐r❡❝t✐♦♥
♦❜❧✐q✉❡ ♣❛r r❛♣♣♦rt ❛✉ ✈❡❝t❡✉r ✈✐t❡ss❡ ❞✉ ❢❛✐s❝❡❛✉✳
❊♥ ré❣✐♠❡ r❡❧❛t✐✈✐st❡✱ ❧✬✐♥st❛❜✐❧✐té ♣✉r❡♠❡♥t ♣❛r❛❧❧è❧❡ ❡t é❧❡❝tr♦st❛t✐q✉❡✱ ❛✈❡❝ k =
k‖ex✱ ♣♦ssè❞❡ ✉♥ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ q✉✐ ❞é❝r♦✐t très ✈✐t❡ γinst ∝ γ−1b ❬✺✱ ✷✼❪ ❡t ❡st s✉❜✲
❞♦♠✐♥❛♥t ♣❛r r❛♣♣♦rt à ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ✲ ✜❧❛♠❡♥t❛t✐♦♥✳ ❚♦✉t❡❢♦✐s✱ s♦♥ t❛✉① ❞❡
❝r♦✐ss❛♥❝❡ s✬❛✈èr❡ ❜✐❡♥ ♣❧✉s ❣r❛♥❞ s✐ ♦♥ ❝♦♥s✐❞èr❡ ✉♥ ✈❡❝t❡✉r ❞✬♦♥❞❡ ♦❜❧✐q✉❡ ❬✺✱ ✶✶❪ ✳
❖♥ r❡❝♦♥s✐❞èr❡ ❞♦♥❝ ❧✬❡q✳ ✭✷✳✶✶✮✱ ❝❡tt❡ ❢♦✐s ❛✈❡❝ kvb = kvb cosα✳ ❆✈❡❝ α ❧✬❛♥❣❧❡
❡♥tr❡ ❧❡s ❞❡✉① ✈❡❝t❡✉rs✳ P❛r ❡ss❡♥❝❡✱ ❧✬✐♥st❛❜✐❧✐té à ❞❡✉① ❢❛✐s❝❡❛✉① sé❧❡❝t✐♦♥♥❡ ❧❡s ♥♦♠❜r❡s
❞✬♦♥❞❡ ❞♦♥t ❧❛ ❝♦♠♣♦s❛♥t❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❡st k‖ = c/ωpe ♣❛r rés♦♥❛♥❝❡ ❞❡ ▲❛♥❞❛✉✳ ❊♥
❞é✈❡❧♦♣♣❛♥t ❛✉t♦✉r ❞❡ ❧❛ rés♦♥❛♥❝❡ à ❧✬❛✐❞❡ ❞✬✉♥ ♣❡t✐t ♣❛r❛♠ètr❡ δ ❬✶✶❪ ✿
ω = ωpe(1 + δ) = βbkxc(1 + δ) ,
❈❍❆P■❚❘❊ ✷✳ ▼❖❉➮▲❊ ❉❯ ❈❍❖❈ ❘❊▲❆❚■❱■❙❚❊ ✸✸
❡t ❡♥ ❛❞♠❡tt❛♥t βb ❡t kz ≥ kx ≃ ωpe/c✱ ❧❡s ❛✉t❡✉rs ♦❜t✐❡♥♥❡♥t ✉♥ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡
γotsi ≃
√
3
24/3
(ω2pbωpe)
1/3 ∝ γ−1/3b ✳ ❈❡tt❡ ✐♥st❛❜✐❧✐té ❝r♦ît ❞♦♥❝ ♣❧✉s r❛♣✐❞❡♠❡♥t q✉❡ ❲❡✐❜❡❧
✲ ✜❧❛♠❡♥t❛t✐♦♥ ❡t ❞♦♥♥❡ ❧✐❡✉ à ✉♥❡ t✉r❜✉❧❡♥❝❡ é❧❡❝tr♦st❛t✐q✉❡✳
▲❛ ✈❡rt✉ ❞❡ ❝❡tt❡ ✐♥st❛❜✐❧✐té✱ à ❞♦♠✐♥❛♥t❡ é❧❡❝tr♦st❛t✐q✉❡✱ ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ❡st ❧❛
s✉✐✈❛♥t❡ ❬✸✵❪ ✿ ❡❧❧❡ ♣r♦❞✉✐t ✉♥ ♣ré❝❤❛✉✛❛❣❡ très ❡✣❝❛❝❡ ❞✉ ✢♦t é❧❡❝tr♦♥✐q✉❡ ❛♠❡♥❛♥t ❛✉
r❛❧❡♥t✐ss❡♠❡♥t ❞✉ ✢♦t ❞❡s ♣r♦t♦♥s✳ ❈✬❡st ❛✉ss✐ s♦♥ ♠é❝❛♥✐s♠❡ ❞❡ s❛t✉r❛t✐♦♥✱ q✉❛♥❞ ❧❛
t❡♠♣ér❛t✉r❡ ❞❡s é❧❡❝tr♦♥s ❞❡✈✐❡♥t r❡❧❛t✐✈✐st❡✱ ❧✬✐♥st❛❜✐❧✐té ❞✐s♣❛r❛✐t✳
❈❛s ✿ ❋♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝
▲♦rsq✉❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ ❡st tr♦♣ ❢❛✐❜❧❡ ♣♦✉r s❡ ❝❤❛r❣❡r ❞❡ ❧❛ ré✢❡①✐♦♥
❣❧♦❜❛❧❡ ❞✉ ✢♦t s✉r ❧❡ t❡♠♣s ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ s♦✉r❝❡ ♦♥ ❛ ❜❡s♦✐♥ ❞✬✉♥ ♠é❝❛♥✐s♠❡ ♣❧✉s
r❛♣✐❞❡✱ ♠❡tt❛♥t ❡♥ ❥❡✉ ❧❛ ❣é♥ér❛t✐♦♥ ❞✉ ❝❤❛♠♣ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ s✉✣s❛♥t ♣♦✉r ❜ât✐r ❧❛
❜❛rr✐èr❡ ❞❡ ♣♦t❡♥t✐❡❧ ✭♦✉ ♠❛❣♥ét✐q✉❡ s✐ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s✮ ❞❡ ❧✬♦r❞r❡ ❞❡ γshn0mpc2✳
▲❛ q✉❡st✐♦♥ ❞❡ ❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ❛ ré❝❡♠♠❡♥t été ét✉❞✐é❡ ♣❛r ❇r❡t ❡t ❛❧✳
❬✻❪ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ♣❧❛s♠❛ ❝♦♠♣♦sé ❞❡ ♣❛✐r❡s e− − e+ ❡t à ♠❛❣♥ét✐s❛t✐♦♥ ♥✉❧❧❡ ❬✻❪✳ ■❧ ❛
été ♠♦♥tré q✉❡ ❧❡ ❝❤♦❝ s❡ ❢♦r♠❡ ❛♣rès q✉❡❧q✉❡s t❡♠♣s ❞✬❡①♣♦♥❡♥t✐❛t✐♦♥ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡
✜❧❛♠❡♥t❛t✐♦♥ γ−1Weib.✳ ▲❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡st ✢✉❝t✉❛♥t à ❧✬é❝❤❡❧❧❡ c/ωpe ❡t ✐❧ ❡st ❛♠♣❧✐✜é
♣❛r ❧✬✐♥st❛❜✐❧✐té à ♣❛rt✐r ❞✉ ♥✐✈❡❛✉ ❞❡s ✢✉❝t✉❛t✐♦♥s t❤❡r♠✐q✉❡s ❥✉sq✉✬à ❧✬éq✉✐♣❛rt✐t✐♦♥
❧♦❝❛❧❡ δB2/(4πγ2shmec
2) . 1✳ ❈❡tt❡ ♣♦✐♥t❡ ❞❛♥s ❧❡ ♣r♦✜❧ ❞✉ ❝❤❛♠♣ ❛ss✉r❡ ❧❡ rô❧❡ ❞✉ ❢r♦♥t
❞❡ ❝❤♦❝ ♣❛r ❧❛ s✉✐t❡✳
▲✬❡①tr❛♣♦❧❛t✐♦♥ ♥❛ï✈❡ ❛✉ ❝❛s é❧❡❝tr♦♥s✲♣r♦t♦♥s ❝♦♥❞✉✐r❛✐t ❛✉ t❡♠♣s✱ ré❣✉❧é ♣❛r ❧✬✐♥❡r✲
t✐❡ ❞❡s ♣r♦t♦♥s✳ ❊t ❞♦♥❝ ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ c/ωpi✳ ■❧ ❡st ♣♦ss✐❜❧❡ q✉❡ ❝❡tt❡ ❡①tr❛♣♦❧❛✲
t✐♦♥ ♥❡ s♦✐t ♣❛s ❝♦rr❡❝t❡✱ ♣✉✐sq✉❡ ❧❡s ✜❧❛♠❡♥ts ✐♦♥✐q✉❡s s♦♥t ❡✣❝❛❝❡♠❡♥t ❡❝r❛♥tés ♣❛r ❧❡s
é❧❡❝tr♦♥s ✭♠é❝❛♥✐s♠❡ ❛❜s❡♥t ♣♦✉r ❧❡s ♣❛✐r❡s✮✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡ t❡♠♣s ❞❡ ❢♦r♠❛t✐♦♥ ❞❡✈✐❡♥t
❝♦♥s✐❞ér❛❜❧❡♠❡♥t ♣❧✉s ❧♦♥❣✱ t❛♥t q✉❡ ❧❡s é❧❡❝tr♦♥s r❡st❡♥t ❢r♦✐❞s ✭❡✳❣✳ ❬✸✶❪✮✳ ▲❛ ❝❛♣❛❝✐té
❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥ à ❢♦r♠❡r ❧❡ ❝❤♦❝ ❞❛♥s ✉♥ ♠✐❧✐❡✉ à ♠❛❣♥ét✐s❛t✐♦♥
♥✉❧❧❡ ❛ ♠ê♠❡ été r❡♠✐s❡ ❡♥ ❝❛✉s❡✳ ❈♦♠♠❡ ✐❧ ❛ été ♠♦♥tré ♣❛r ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ❬✶✵❪✱
❧❡ ❝❤♦❝ s❡ ❢♦r♠❡ ♣♦✉rt❛♥t ♠ê♠❡ à σ = 0 ♠❛✐s ✉♥ ❝❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s ✐♠♣♦rt❛♥t s❡
♣r♦❞✉✐t ❛✈❛♥t s❛ ❢♦r♠❛t✐♦♥ ❞❡ s♦rt❡ à ♣❡r♠❡ttr❡ ❛✉ ✜❧❛♠❡♥t ❞❡ ❢✉s✐♦♥♥❡r ❡t ❛♠❡♥❡r ❧❡✉r
❞❡str✉❝t✐♦♥ ❞❛♥s ❧❡ ❝❤♦❝✳ ❯♥ t❡♠♣s s✉♣♣❧é♠❡♥t❛✐r❡ ❞♦♥❝✱ ❝❡❧✉✐ ❞❡ ❝❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s
à ❧✬éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ♣r♦t♦♥s✱ r❡♥tr❡ ❛❧♦rs ❞❛♥s ❧❡ ♣r♦❜❧è♠❡✳
◆♦t♦♥s ♣♦✉rt❛♥t✱ q✉✬à ❝❡ ❥♦✉r ✐❧ ♥✬② ♣❛s ❞❡ t❤é♦r✐❡ ❛✉t♦✲❝♦♥s✐st❛♥t❡ q✉✐ ❡①♣♦s❡ ❧❡
s❝é♥❛r✐♦ ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ❝❤♦❝ ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞✬é❧❡❝tr♦♥s✲✐♦♥s✳
❈❛s ✿ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝
❈❡ q✉✐ s❡ ♣❛ss❡ ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ❡st ❞ét❡r♠✐♥❛♥t à ❧❛ str✉❝t✉r❛t✐♦♥ ❞✉ ❝❤♦❝ ❡t
❛✉① ♣❡r❢♦r♠❛♥❝❡s ❞✬❛❝❝é❧ér❛t✐♦♥✳ ▲❛ ♠❛❣♥ét✐s❛t✐♦♥ ❞✉ ♠✐❧✐❡✉✱ ♠ê♠❡ s✐ ❡❧❧❡ ❡st ❢❛✐❜❧❡✱
✸✹ ✷✳✼✳ ❙❚❘❯❈❚❯❘❊ ❉❯ ❈❍❖❈
❧✐♠✐t❡ ❧✬ét❡♥❞✉❡ ❞❡ ❧❛ ré❣✐♦♥ ♦ù ❧❡ ❢❛✐s❝❡❛✉ ❞❡ ♣r♦t♦♥s ❞é❝❧❡♥❝❤❡ ❞❡s ✐♥st❛❜✐❧✐tés✳ ❊♥ ❡✛❡t✱
❧❛ t❛✐❧❧❡ ❞✉ ♣ré❝✉rs❡✉r ❡st ❧✐♠✐té❡ ♣❛r ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①tér✐❡✉r ♣❛r r♦t❛t✐♦♥ ❞✉
❢❛✐s❝❡❛✉ ❞❛♥s ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ ❞✬✉♥ ❛♥❣❧❡ 1/γsh✳ ❈❡t ❛♥❣❧❡ ❡st s✉✣s❛♥t ♣♦✉r
q✉❡ ❧❡ ❢r♦♥t r❛ttr❛♣❡ ❧❡s ♣❛rt✐❝✉❧❡s✳ ❆✐♥s✐✱ ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞✉ ❢r♦♥t
♣❡♥❞❛♥t ❧❛ r♦t❛t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉✱ ❧✬ét❡♥❞✉❡ ❞✉ ♣ré❝✉rs❡✉r s❡r❛ ❞❡ ❧✬♦r❞r❡ ❞❡ ✿
ℓprec ≃ mpc
2
γsheB0
=
c
γshωci
. ✭✷✳✶✺✮
❈❡tt❡ ❧♦♥❣✉❡✉r ❡st ❞❡ 3 · 1010❝♠ ♣♦✉r ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ B0 = 3µ● ❡t γsh = 100✳ ❈❡
q✉✐ ❡st ❧❛r❣❡♠❡♥t ♣❧✉s ♣❡t✐t q✉❡ ❧❛ ré❣✐♦♥ ❞✉ ❝❤♦❝ Rdec ∼ 1016❝♠ ♦ù ♠ê♠❡ ❧❡ ❞✐❛♠ètr❡ ❞✉
❞✐sq✉❡✱ ❢♦r♠é ♣❛r ❧❡ ❢r♦♥t ❞✉ ❝❤♦❝✱ 2 tan(θjet)Rdec ≃ Rdec/10✳ ❈❡tt❡ ❧♦♥❣✉❡✉r ❡st ❝♦✉rt❡
♣♦✉r ❛♠♣❧✐✜❡r ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❛✉① ✈❛❧❡✉rs ♥é❝❡ss❛✐r❡s ♣♦✉r r❡♥❞r❡ ❧✬é❝♦✉❧❡♠❡♥t
✐s♦tr♦♣❡✱ ❝♦♥❞✐t✐♦♥ ♥é❝❡ss❛✐r❡ à ❧✬❡①✐st❡♥❝❡ ❞✉ ❝❤♦❝✳
▲✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ s❡ ❞é✈❡❧♦♣♣❡ ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r à ♣❛rt✐r ❞✉ s❡✉✐❧ σ ≤ ξcrγ−2sh
❬✶✶❪✳ P♦✉r ✉♥ ❝❤♦❝ γsh = 100 ❡t ξcr = 0.1 ❝❡ s❡✉✐❧ ❡st σcrit = 10−5✳ ❊♥ ❞❡ss♦✉s ❞❡
❝❡tt❡ ✈❛❧❡✉r ❡❧❧❡ ❡st ❛♣t❡ à ❣é♥ér❡r ❧❡ ♥✐✈❡❛✉ ❞❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ t❡❧ q✉❡ ξB ∼ 0.01✳ ▲❛
str✉❝t✉r❡ ❞❡ ❝❡tt❡ t✉r❜✉❧❡♥❝❡ s❡r❛ ❢♦rt❡♠❡♥t ❛♥✐s♦tr♦♣❡ ♣✉✐sq✉❡ s❡✉❧s ❧❡s k⊥ s♦♥t ♣rés❡♥ts
❡t ❢♦r♠❡♥t ❛✐♥s✐ ❞❡s str✉❝t✉r❡s ❡♥ ✜❧❛♠❡♥ts✳
✷✳✼ ❙tr✉❝t✉r❡ ❞✉ ❝❤♦❝
▲♦rsq✉❡ ❧❡s ✐♥❣ré❞✐❡♥ts s♦♥t ré✉♥✐s ✭❜❛rr✐èr❡ ❞❡ ♣♦t❡♥t✐❡❧✱ ❢❛✐s❝❡❛✉ ❞❡ ♣❛rt✐❝✉❧❡s ❛❝❝é✲
❧éré❡s✱ t✉r❜✉❧❡♥❝❡✮ ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ❡st ♠✐s❡ ❡♥ ♣❧❛❝❡✳ ■❝✐ ❥✬❡♥ ❞♦♥♥❡ ✉♥❡ ❞❡s❝r✐♣t✐♦♥
❣❧♦❜❛❧❡✳
❍♦r♠✐s ❧❛ sé♣❛r❛t✐♦♥ ❡♥ ré❣✐♦♥s ❛♠♦♥t ❡t ❛✈❛❧✱ ♥♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧❛ s♦✉s✲str✉❝t✉r❡
q✉✬❡st ❧❡ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝ s❡ ♠❡t ❡♥ ♣❧❛❝❡ ❡t ❝♦♥❞✐t✐♦♥♥❡ ❧❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❝❡s ❞❡✉①
♠✐❧✐❡✉①✳ ❊♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥✱ ❞❡s ♠é❝❛♥✐s♠❡s ❞✐✛ér❡♥ts ❝♦♥❞✐t✐♦♥♥❡♥t ❧❡ ❝❤♦❝
❡t ✐❧ ❡st ✉t✐❧❡ ❞✬ét✉❞✐❡r ❞❡✉① ❝❛s ❞✐st✐♥❝ts ✿ ♠❛❣♥ét✐s❛t✐♦♥ ❢❛✐❜❧❡ ♦✉ ❢♦rt❡✳
✷✳✼✳✶ ▼❛❣♥ét✐s❛t✐♦♥ ❢❛✐❜❧❡
▲❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s à ♠❛❣♥ét✐s❛t✐♦♥ ❢❛✐❜❧❡ ♣♦ssè❞❡♥t ✉♥ très ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ▼❛❝❤
✭Vsh >> cS, VA✮✳ ❈❡ s❡r❛ ❧❡ ❝❛s ♣♦✉r ✉♥❡ ♦♥❞❡ ❞❡ ❝❤♦❝ s✉r ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ✭
σ ∼ 10−9✮ ♦✉ ✐♥t❡r❣❛❧❛❝t✐q✉❡✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❞✉ ♠✐❧✐❡✉ ♣ré✲❝❤♦❝ ❡st s✐
❢❛✐❜❧❡ q✉❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ ♥✬❛ ♣r❛t✐q✉❡♠❡♥t ❛✉❝✉♥ ✐♠♣❛❝t s✉r ❧❛ ❞②♥❛♠✐q✉❡
❞✉ ❝❤♦❝✳ P❛r ❝♦♥séq✉❡♥❝❡✱ ❧❡ ❝❤♦❝ r❡❧❛t✐✈✐st❡ s❡r❛✐t s✉♣❡r❝r✐t✐q✉❡✱ ❛✈❡❝ ❧❡ ♥♦♠❜r❡ ❞❡ ▼❛❝❤
❆❧❢✈é♥✐q✉❡ ❛❧❧❛♥t à ♣❧✉s✐❡✉rs ♠✐❧❧✐❡rs✱ ❡♥ ✈❡rt✉ ❞❡ σ ≃ 1/M2A✳
❈❍❆P■❚❘❊ ✷✳ ▼❖❉➮▲❊ ❉❯ ❈❍❖❈ ❘❊▲❆❚■❱■❙❚❊ ✸✺
Aval (Downstream) Amont (Upstream)
Milieu Choqué  n= Γ_s*n_ISM
Front
Milieu ISM  n=10^6 m^-3
Temps résidence des RC  =  t_L/Γ_s
Courants à l’origine d’instabilités
Vitesse choc  _s
Cycle Fermi.
Gain :
)1)(1( sursdrr
i
f CosCos
E
E  
2cmT ps
Temps résidence des RC ~ _s
KT 100
Génération champs 
magnétiques  intenses à l’échelle d’ecrantage plasma
B0|d B0|u
Vs ~ c
 ISM Source
❋✐❣✳ ✷✳✷✿ ❱✐s✐♦♥ s❝❤é♠❛t✐q✉❡ ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ à σ ≪ 1✳ ▲❛ ✜❣✉r❡ ❞❡ ❣❛✉❝❤❡ r❡♣r❡♥❞
❧❡s tr♦✐s ♣r✐♥❝✐♣❛✉① ♣r♦❝❡ss✉s ♠✐s ❡♥ ❥❡✉ ✿ ré✢❡①✐♦♥ ❞✬✉♥❡ ♣❛rt✐❡ ❞❡ ♣r♦t♦♥s s✉r ❧❡ ❢r♦♥t✱
❡♥❝❧❡♥❝❤❡♠❡♥t ❞❡ ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♣❛r ❝❡ ❢❛✐s❝❡❛✉ ❡t ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ♣❛r
❧❡ ♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐✳ ▲❛ ✜❣✉r❡ ❞❡ ❞r♦✐t❡ ❞♦♥♥❡ ✉♥❡ ✈✐s✐♦♥ s❝❤é♠❛t✐q✉❡ ❞❡ ❧❛ t♦♣♦❧♦❣✐❡ ❞✉
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♠✐❝r♦t✉r❜✉❧❡♥t ❛✐♥s✐ q✉❡ ❧✬♦r✐❡♥t❛t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♠♦②❡♥
❞❛♥s ❧❡s ❞❡✉① ré❣✐♦♥s✳
▲❛ ❞✐ss✐♣❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❛✉ ❢r♦♥t s❡ ❢❛✐t ❛❧♦rs ♣❛r ré✢❡①✐♦♥ ❞✬✉♥❡ ❢r❛❝✲
t✐♦♥ ❞✬✐♦♥s ✐♥❝✐❞❡♥ts ❡t ❢♦r♠❛t✐♦♥ ❞✉ ♣ré❝✉rs❡✉r✳ ▲❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞✉ ❢❛✐s❝❡❛✉ ❢♦r♠é
♣❛r ❧❡s ✐♦♥s ré✢é❝❤✐s ❡st très ❣r❛♥❞❡ n0γ2shmpc
2 ❡t s♦♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡ ✢♦t ✐♥❝✐❞❡♥t
❝♦♥❞✐t✐♦♥♥❡ ❧❛ ③♦♥❡ ❞❡ tr❛♥s✐t✐♦♥ ❞✉ ❝❤♦❝✳ ❈❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t s❡ tr❛❞✉✐t ♣❛r ❧✬é♠❡r❣❡♥❝❡
❞❡s ✐♥st❛❜✐❧✐tés✱ ❞✐s❝✉té❡s ❞❛♥s ❧❛ s❡❝t✐♦♥ ♣ré❝é❞❡♥t❡✱ ❡t ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡
é❧❡❝tr♦♠❛❣♥ét✐q✉❡✱ ❛♥✐s♦tr♦♣❡ ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝✳ ❯♥❡ ❢♦✐s q✉❡ ❧❡ ✢♦t ❡st ❞❡✈❡♥✉
✐s♦tr♦♣❡ ❞❛♥s ❧❛ ré❣✐♦♥ ❛✈❛❧✱ ❧❡ ❝❤♦❝ ❡st ❢♦r♠é✳ ▲❛ t✉r❜✉❧❡♥❝❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❝❤♦q✉é ❡st à
♣❡✉ ♣rès ✐s♦tr♦♣❡ ❡t ❞é❝r♦✐ss❛♥t❡ ❛✉ ❢✉r ❡t à ♠❡s✉r❡ q✉❡ ❧✬♦♥ s✬é❧♦✐❣♥❡ ❞✉ ❝❤♦❝✳ ❯♥❡ ♣❛rt✐❡
❞❡s ♣❛rt✐❝✉❧❡s ❡♥t❛♠❡ ❛❧♦rs ❞❡s ❝②❝❧❡s ❛❧é❛t♦✐r❡s ❡♥ ♣❛ss❛♥t ❞✬✉♥ ❝ôté à ❧✬❛✉tr❡ ❞✉ ❝❤♦❝
❡t ♣❡✉♣❧❡ ❧❛ ♣❛rt✐❡ ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥✳ ▲❡ r❛②♦♥♥❡♠❡♥t ❞❡s
é❧❡❝tr♦♥s ❛✐♥s✐ ❛❝❝é❧érés ❡st ❛❧♦rs ♦❜s❡r✈❛❜❧❡ ❝♦♠♠❡ r❛②♦♥♥❡♠❡♥t s②♥❝❤r♦tr♦♥ ♦✉ ❥✐tt❡r✳
❯♥❡ ✈✐s✐♦♥ s❝❤é♠❛t✐q✉❡ ❞❡ ❧❛ ré❣✐♦♥ ❛✉t♦✉r ❞✉ ❝❤♦❝ ❡st ♣r♦♣♦sé❡ ❞❛♥s ❧❛ ❋✐❣✉r❡ ✷✳✷✳
▲❛ ✜❣✉r❡ ❞❡ ❣❛✉❝❤❡ r❡♣r❡♥❞ ❧❡s tr♦✐s ♣r✐♥❝✐♣❛✉① ♣r♦❝❡ss✉s✱ ♠✐s ❡♥ ❥❡✉ ✿ ré✢❡①✐♦♥ ❞✬✉♥❡
♣❛rt✐❡ ❞❡ ♣r♦t♦♥s s✉r ❧❡ ❢r♦♥t ❡t ❢♦r♠❛t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉ ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r✱ ❡♥❝❧❡♥❝❤❡♠❡♥t
❞❡ ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♣❛r ❝❡ ❢❛✐s❝❡❛✉✱ ❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ♣❛r ❧❡ ♣r♦❝❡ss✉s ❞❡
❋❡r♠✐ ■✳ ▲❛ ✜❣✉r❡ ❞❡ ❞r♦✐t❡ ❞♦♥♥❡ ✉♥❡ ✈✐s✐♦♥ s❝❤é♠❛t✐q✉❡ ❞❡ ❧❛ t♦♣♦❧♦❣✐❡ ❞✉ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ♠✐❝r♦t✉r❜✉❧❡♥t ❛✐♥s✐ q✉❡ ❧✬♦r✐❡♥t❛t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♠♦②❡♥ ❞❛♥s ❧❡s
❞❡✉① ré❣✐♦♥s✳
▲❡ ♣♦✐♥t ❡ss❡♥t✐❡❧ ❞❡ ♥♦tr❡ ♠♦❞è❧❡ ❡st ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s ❛✈❡❝ ❧❛
t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡✱ q✉❡ ❧❡s ♣❛rt✐❝✉❧❡s ♦♥t ❡❧❧❡s✲♠ê♠❡s ❣é♥éré✳ P♦✉r ❝❡❧❛ ✐❧ ♥❡ s✉✣t
♣❛s ❞❡ ❞é❝r✐r❡ ❧✬❛♠♣❧✐t✉❞❡ ❡t ❧❛ t♦♣♦❧♦❣✐❡ ❞❡ ❝❡s ❝❤❛♠♣s ✭❧❡✉r s②♠étr✐❡ ❡t ❧♦♥❣✉❡✉r ❞❡
✸✻ ✷✳✼✳ ❙❚❘❯❈❚❯❘❊ ❉❯ ❈❍❖❈
B0|d B0|u
δBd Bu
Vs ~ c
δ
Wave-frame = downstream
Vs
Vm,u
Vm,d
OTSI wave-frame
❋✐❣✳ ✷✳✸✿ ❋✐❣✉r❡ ❞❡ ❣❛✉❝❤❡ ✿ ❉❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ♠✐❧✐❡✉ ❝❤♦q✉é✳ ▲❡ ❢r♦♥t ❞❡ ❝❤♦❝✱ ❛✉
♠✐❧✐❡✉✱ s❡ ♣r♦♣❛❣❡ ❞❡ ❣❛✉❝❤❡ ✈❡rs ❧❛ ❞r♦✐t❡ à ❧❛ ✈✐t❡ss❡ Vs = c/3✳ ▲❡ ♠✐❧✐❡✉ ❛♠♦♥t✱ ❞❡✈❛♥t
❧❡ ❢r♦♥t✱ ❡st ♣❡✉♣❧é ♣❛r ✉♥❡ t✉r❜✉❧❡♥❝❡ ❛♥✐s♦tr♦♣❡ ❡t ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ré❣✉❧✐❡r B0,u✱
✐♥❝❧✐♥é ♣❛r r❛♣♣♦rt à ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝✳ ❉❛♥s ❧❡ ♠✐❧✐❡✉ ❝❤♦q✉é ✭❛✈❛❧✮ ❝❡tt❡ t✉r❜✉❧❡♥❝❡ ❞❡✲
✈✐❡♥t q✉❛s✐✲✐s♦tr♦♣❡ ♣❛r ❡✛❡t ❞❡ ❝♦♠♣r❡ss✐♦♥ ❡t ❞❡ tr❛♥s❢♦r♠❛t✐♦♥ ❞❡ ▲♦r❡♥t③✳ ▲❡ ❝❤❛♠♣
ré❣✉❧❡r B0,d ❞❡✈✐❡♥t ❣é♥ér✐q✉❡♠❡♥t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝✳ ▲❡ ré❢ér❡♥t✐❡❧
❝♦✲♠♦❜✐❧❡ ❞✉ ✢✉✐❞❡ ❡♥ ❛✈❛❧ ❡t ❝♦♥❢♦♥❞✉ ✐❝✐ ❛✈❡❝ ❝❡❧✉✐ ❞❡s ♣❛q✉❡ts ❞✬♦♥❞❡ ❝❛r ❧❛ t✉r❜✉✲
❧❡♥❝❡ ❡st st❛t✐q✉❡✳ ❋✐❣✉r❡ ❞❡ ❞r♦✐t❡ ✿ ❉❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ♣ré❝✉rs❡✉r ✭❛♠♦♥t✮✳ ▲❡s
✐♥st❛❜✐❧✐tés ❞♦♠✐♥❛♥t❡s s♦♥t ❧✬♦❜❧✐q✉❡ à ❞❡✉① ❢❛✐s❝❡❛✉① ✭❖❚❙■✮ ❡t ❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥✳
▲♦rsq✉✬❡❧❧❡s s♦♥t ❣é♥éré❡s✱ ❧❡s ♦♥❞❡s ♦♥t ✉♥❡ ✈✐t❡ss❡ ❞❡ ♣❤❛s❡ ♥♦♥✲♥✉❧❧❡ ♣❛r r❛♣♣♦rt ❛✉
❢r♦♥t✱ ❝❡ q✉✐ ❡st r❡♣rés❡♥té ♣❛r ❧✬❛♠♣❧✐t✉❞❡ ❡t ❞✐r❡❝t✐♦♥ ❞❡s ✢è❝❤❡s✳ ❆♣rès tr❛♥s♠✐ss✐♦♥
❞❛♥s ❧❡ ♠✐❧✐❡✉ ❝❤♦q✉é ❡❧❧❡s ♦♥t à ♣❡✉ ♣rès ❧❛ ♠ê♠❡ ✈✐t❡ss❡ q✉❡ ❧❡ ✢✉✐❞❡ ❝❤♦q✉é ✭à ♣❡✉
♣rès ✜❣é❡s ❞❛♥s ❧✬é❝♦✉❧❡♠❡♥t✮✳
❈❍❆P■❚❘❊ ✷✳ ▼❖❉➮▲❊ ❉❯ ❈❍❖❈ ❘❊▲❆❚■❱■❙❚❊ ✸✼
❝♦❤ér❡♥❝❡✮ ♠❛✐s ✐❧ ❢❛✉t ♣ré❝✐s❡r ❧❛ ✈✐t❡ss❡ ❞❡ ♣❤❛s❡ ❞❡s ♠♦❞❡s t✉r❜✉❧❡♥ts✳ ▲✬✐♠♣♦rt❛♥❝❡
❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ♠❛❣♥ét✐q✉❡s ❛ été s♦✉❧✐❣♥é❡ ❞❛♥s ❬✸✵❪ ❡t s❡r❛ ❞✐s❝✉té❡
❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✹✳ ❉❛♥s ❧❛ ❋✐❣✳ ✷✳✸ ❥❡ ❞♦♥♥❡ ✉♥❡ ✈✉❡ s❝❤é♠❛t✐q✉❡ ❞❡s ré❢ér❡♥t✐❡❧s ♥❛t✉r❡❧s
♣♦✉r ❧❛ ❞✐✛✉s✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✱ ❞❡ ❝❤❛q✉❡ ❝ôté ❞✉ ❝❤♦❝✳ ❉❛♥s ❧❡ ♠✐❧✐❡✉ ❛♠♦♥t✱ ❧❡s ♠♦❞❡s
t✉r❜✉❧❡♥ts s❡ ♣r♦♣❛❣❡♥t ❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ ❞❡ ♣❤❛s❡ ♥♦♥✲♥✉❧❧❡ ❡t ❞✉ ❝ôté ❛✈❛❧✱ ❧❛ t✉r❜✉❧❡♥❝❡
❡st ❡ss❡♥t✐❡❧❧❡♠❡♥t ♠❛❣♥ét♦✲st❛t✐q✉❡ ❡t ✐s♦tr♦♣❡✱ ♣❛r ❡✛❡t ❞❡ ❝♦♠♣r❡ss✐♦♥ ❛✉ ❝❤♦❝✳ ▲❡s
♣r♦♣r✐étés ❞❡ tr❛♥s♣♦rt ❞❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ❝❡s ❝❤❛♠♣s ❣♦✉✈❡r♥❡♥t✱ ❡♥ r❡t♦✉r✱ ❧✬❡✣❝❛❝✐té
❞✉ ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥✳ ❉❡ ❝❡ ❢❛✐t✱ ♥♦✉s ❛✈♦♥s ❜❡s♦✐♥ ❞❡ ❝♦♥♥❛✐tr❡ ❧❡s ❝♦❡✣❝✐❡♥ts ❞❡
❞✐✛✉s✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡s ♣❛rt✐❝✉❧❡s ❡t ❞❡ ❧✬✐♥t❡♥s✐té ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳
▲❡s ❝❤❛♣✐tr❡s ✸ ❡t ✹ s♦♥t ❞é❞✐és à ❝❡tt❡ q✉❡st✐♦♥✳
✷✳✼✳✷ ▼❛❣♥ét✐s❛t✐♦♥ ❢♦rt❡
P❡✉ ❛❜♦r❞é ❞❛♥s ❝❡tt❡ t❤ès❡✱ ❧❛ str✉❝t✉r❡ ❞❡s ❝❤♦❝s ❧♦rsq✉❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❞✉ ♠✐❧✐❡✉
❛♠❜✐❛♥t ❡st ❢♦rt❡ ♠ér✐t❡ ❧✬❛tt❡♥t✐♦♥ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❞❡s ✈❡♥ts ❞❡ P✉❧s❛rs✳
▲❡ ♠é❝❛♥✐s♠❡ ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ❝❤♦❝ ❡st s❡♥s✐❜❧❡♠❡♥t ❞✐✛ér❡♥t ❧♦rsq✉❡ ❧❡ ❝❤❛♠♣ ♠❛✲
❣♥ét✐q✉❡ ❞♦♠✐♥❡ ❧❛ ❞②♥❛♠✐q✉❡✳ ❊♥ ❡✛❡t✱ ❧❡ ✢♦t ✐♥❝✐❞❡♥t s✉❜✐t ❧❛ ré✢❡①✐♦♥ ♠❛❣♥ét✐q✉❡ s✉r
❧❡ ❝❤❛♠♣ ❡①t❡r♥❡✳ ▲❛ ❣✐r❛t✐♦♥ ❡st ❝♦❤ér❡♥t❡ ❡t ❧❡ ♣❧❛s♠❛ ❡♥t✐❡r s✬❛❞❛♣t❡ à s❛ s②♠étr✐❡✱
✐♥✈❛r✐❛♥t❡ ❧❡ ❧♦♥❣ ❞❡s ❧✐❣♥❡s ❞✉ ❝❤❛♠♣ ❡t ❣✐r♦tr♦♣❡ ❡♥ ❞✐r❡❝t✐♦♥ tr❛♥s✈❡rs❡✳
❆ ❧✬❛✐❞❡ ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ✭❬✸✷✱ ✸✸✱ ✷✹✱ ✷✺❪✮ ✐❧ ❛ été ♠♦♥tré q✉❡ ❧❡ ❝❤♦❝ s❡ ❢♦r♠❡ ♣❛r
ré✢❡①✐♦♥ ♠❛❣♥ét✐q✉❡ s✉r ❧❡ ❝❤❛♠♣ ❡①t❡r♥❡ ✭♥♦♥ ❛✉t♦✲❣é♥éré ♣❛r ❧❡s ✐♥st❛❜✐❧✐tés ♣❧❛s♠❛✮✳
▲❡ ♣❧❛s♠❛✱ ❝♦♠♣r✐♠é ❛✉ ♣♦✐♥t ❞✬✐♥✢❡①✐♦♥✱ ♣r♦❞✉✐t ✉♥❡ ♣♦✐♥t❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
q✉✐ ❛ss✉r❡ ❧❡ rô❧❡ ❞❡ ❧❛ ❜❛rr✐èr❡ ❞❡ ♣♦t❡♥t✐❡❧✳ ❆✐♥s✐ ❧❛ ré❣✐♦♥ ❞❡ tr❛♥s✐t✐♦♥ ❡st ✉♥❡ ❜♦✉❝❧❡
❝②❝❧♦tr♦♥ ❞❡s ♣r♦t♦♥s✱ ❣r❛❞✉❡❧❧❡♠❡♥t ❛♠♦rt✐❡ ❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝✳ ▲✬é♣❛✐ss❡✉r ❞❡ ❧❛ tr❛♥s✐t✐♦♥
❡st ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s r❛②♦♥s ❞❡ ▲❛r♠♦r ✭❞❡s ✐♦♥s ❞❛♥s ❧❡ ❝❛s ❞❡s ❝❤♦❝s é❧❡❝tr♦♥s ✲
✐♦♥s ❡t ❞❡s ♣♦s✐tr♦♥s ❞❛♥s ❧❡ ❝❛s ❞❡s ❝❤♦❝s ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s✮✳ ❯♥ ♣ré❝✉rs❡✉r
é❧❡❝tr♦♠❛❣♥ét✐q✉❡ s♦✉s ❢♦r♠❡ ❞✬✉♥❡ ♦♥❞❡ ❝♦❤ér❡♥t❡ ❡st ❛❧♦rs é♠✐s ♣❛r ❧❡ ❢r♦♥t ❡t ❝♦♥❞✉✐t à
✉♥ ♣ré❝❤❛✉✛❛❣❡ très ❡✣❝❛❝❡ ❞❡s é❧❡❝tr♦♥s ❡♥ ♦s❝✐❧❧❛t✐♦♥ r❡❧❛t✐✈✐st❡ ❞❛♥s ❧❡ s✐❧❧❛❣❡ ❞❡ ❧✬♦♥❞❡
✭♠é❝❛♥✐s♠❡ ♣r♦♣♦sé ♣❛r ▲②✉❜❛rs❦② ❬✸✹❪✮✳ ❈❡ ❝❤❛✉✛❛❣❡ ❝♦♥❞✉✐t à ❧❛ ♠✐s❡ ❡♥ éq✉✐♣❛rt✐t✐♦♥
❡♥tr❡ ❧❡s ♣r♦t♦♥s ❡t é❧❡❝tr♦♥s ❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝ Te ≤ Tp ≃ γshmpc2✳
◗✉❡st✐♦♥ ❞✬❛❝❝é❧ér❛t✐♦♥✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ❝❤♦❝s é❧❡❝tr♦♥s✲♣r♦t♦♥s ✐❧ ❛ ❛✉ss✐ été ♣r♦✲
♣♦sé q✉❡ ❝❡ ♠é❝❛♥✐s♠❡ ❛❝❝é❧èr❡ ❞❡ ♠❛♥✐èr❡ très ❡✣❝❛❝❡ ❧❡s ♣❛rt✐❝✉❧❡s✱ ❝♦rr♦❜♦ré à ❧✬❛✐❞❡
❞❡s s✐♠✉❧❛t✐♦♥s ✶❉ ✭❝❢✳ ❍♦s❤✐♥♦ ✷✵✵✽ ❬✸✺❪✮✳ ▲❡ rés✉❧t❛t ❝♦♥tr❛✐r❡ ❛ été ♦❜t❡♥✉ à ❧✬❛✐❞❡ ❞❡s
s✐♠✉❧❛t✐♦♥s ✷❉✲✸❉ ❬✷✹✱ ✷✺❪✱ ♦ù ❧✬♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❝♦♥tr✐❜✉❡ à ❝❤❛✉✛❡r ♠❛✐s ♣❛s à
❛❝❝é❧ér❡r ❧❡s ♣❛rt✐❝✉❧❡s✳ ▲❛ q✉❡st✐♦♥ ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❛♥s ❧❡s ❝❤♦❝s ❢♦rt❡♠❡♥t ♠❛❣♥ét✐sés ❡t
s✉♣❡r❧✉♠✐♥✐q✉❡s ✭θB > 34◦/γsh✮ r❡st❡ ♦✉✈❡rt❡✳ Pr♦♣♦s♦♥s✱ ✐❝✐✱ ✉♥ ❛r❣✉♠❡♥t ❤❡✉r✐st✐q✉❡
❡♥ ❢❛✈❡✉r ❞✉ ❝❤❛✉✛❛❣❡✳ ▲❡ ❝❤♦❝ é♠❡t ❝♦♥t✐♥✉❡❧❧❡♠❡♥t ✉♥❡ ♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❞❛♥s
✸✽ ❇■❇▲■❖●❘❆P❍■❊
❧❡ ♣ré❝✉rs❡✉r✱ ❝❡ ♥✬❡st ❞♦♥❝ ♣❛s ✉♥ ♣r♦❝❡ss✉s tr❛♥s✐t♦✐r❡✳ ▲✬✐♥✈❛r✐❛♥❝❡ t❡♠♣♦r❡❧❧❡✱ s❡ ♣❧❛✲
ç❛♥t ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ♣❛q✉❡t ❞✬♦♥❞❡✱ ✐♠♣❧✐q✉❡ q✉❡ ❧✬❤❛♠✐❧t♦♥✐❡♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡st
❛❧♦rs ✐♥❞é♣❡♥❞❛♥t ❞✉ t❡♠♣s ❡t ♦♥ ♥❡ ♣❡✉t ❛✈♦✐r ❞✬❛❝❝é❧ér❛t✐♦♥ ❝♦♥t✐♥✉❡ ❞❡s ♣❛rt✐❝✉❧❡s
❝❤❛r❣é❡s ♣♦✉r ❝❡tt❡ r❛✐s♦♥✱ ♣❧✉tôt ✉♥ ❝❤❛✉✛❛❣❡✳
❈❛s ♣❛rt✐❝✉❧✐❡r ❞❡s ❝❤♦❝s s✉❜✲❧✉♠✐♥✐q✉❡s ❉❛♥s ❧❡ ré❣✐♠❡ r❡❧❛t✐✈✐st❡✱ ❧❡s ❝❤♦❝s s✉❜✲
❧✉♠✐♥✐q✉❡s s♦♥t st❛t✐st✐q✉❡♠❡♥t ❞é❢❛✈♦r✐sés ♣✉✐sq✉❡ ❧✬♦❜❧✐q✉✐té ♠❛❣♥ét✐q✉❡ ❞♦✐t êtr❡ très
❢❛✐❜❧❡ θB ≤ 1/γsh✱ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❯❘❋✳ ❚♦✉t❡❢♦✐s✱ ❧❡✉r str✉❝t✉r❡ ❡st très ❞✐✛ér❡♥t❡ ❞✉
❝❛s s✉♣❡r❧✉♠✐♥✐q✉❡✱ ♥♦t❛♠♠❡♥t ❡♥ t❡r♠❡ ❞❡ ♣❡r❢♦r♠❛♥❝❡s ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✳
P✉✐sq✉❡ ❧❡s ♣❛rt✐❝✉❧❡s ♣❡✉✈❡♥t s✬é❝❤❛♣♣❡r ❞✉ ♠✐❧✐❡✉ ❛✈❛❧ ✈❡rs ❧✬❛♠♦♥t ❞✉ ❝❤♦❝✱ ❡❧❧❡s
❡✛❡❝t✉❡♥t ♥❛t✉r❡❧❧❡♠❡♥t ❞❡s ❝②❝❧❡s ❞❡ ❋❡r♠✐ ❡t ✉♥❡ q✉❡✉❡ s✉♣r❛✲t❤❡r♠✐q✉❡ s❡ ❢♦r♠❡ ❞❛♥s
❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❬✷✹✱ ✷✺❪✳ ▲✬✐♥st❛❜✐❧✐té à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡✱
❛❣❡♥t ❞❡ ❞é✢❡①✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✱ ❡st ✉♥❡ ✐♥st❛❜✐❧✐té ❞✐✛ér❡♥t❡ ❞✉ ❝❛s σ ≪ 1 ✿ ✐❧ s✬❛❣✐t
❞✬✉♥❡ ✐♥st❛❜✐❧✐té ❞❡ t②♣❡ ❇❡❧❧✱ ❡♥❣❡♥❞ré❡ ♣❛r ✉♥ ❢♦rt ❝♦✉r❛♥t ❞❡s ♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s
❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝✳ ▲❛ ♣r❡ss✐♦♥✱ ❡①❡r❝é❡ ♣❛r ❝❡ ❝♦✉r❛♥t✱ ♣❡✉t ❛✉ss✐ êtr❡ s✉✣s❛♠♠❡♥t
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❈❤❛♣✐tr❡ ✸
❆✈❛❧ ❞✉ ❝❤♦❝ ✿ tr❛♥s♣♦rt ❡♥
♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡
✐s♦tr♦♣❡ ❡t st❛t✐q✉❡
❉
❛♥s ❝❡ ❝❤❛♣✐tr❡ ♥♦✉s ❛❜♦r❞♦♥s ❧✬ét✉❞❡ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ❞❛♥s ✉♥❡ ❢♦rt❡
♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡✳ ❉❛♥s ❧❡s ét✉❞❡s ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ❋❡r♠✐ ❛✉① ❝❤♦❝s
r❡❧❛t✐✈✐st❡s s✬❡st r❡ss❡♥t✐ ✉♥ ❜❡s♦✐♥ ❞✬é❧✉❝✐❞❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✐✛✉s✐❢ ❞❡s ♣❛rt✐❝✉❧❡s
❡♥ ♣rés❡♥❝❡ ❞✬✉♥❡ très ❢♦rt❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡✱ ❝♦♠♠❡ ❝❡❧❧❡ ❡♥❣❡♥❞ré❡ ♣❛r ❧✬✐♥st❛❜✐❧✐té
❞❡ ❲❡✐❜❡❧ ❞❛♥s ❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝✳ ▲❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ❡st✲❡❧❧❡ ❝❛♣❛❜❧❡ ❞❡ ♠❛✐♥t❡♥✐r ✉♥
♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐ ❄ ◗✉❡❧ ❡st ❧❡ t❡♠♣s ❞✬❛❝❝é❧ér❛t✐♦♥ ❄ ◗✉❡❧❧❡ ❡st ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❡t
❧❡ s♣❡❝tr❡ ❞❡ ♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s ❄ ◆♦✉s ❛❜♦r❞♦♥s ❧✬ét✉❞❡ ❞❡ tr❛♥s♣♦rt ❛✜♥ ❞❡ ré♣♦♥❞r❡
à ❝❡s q✉❡st✐♦♥s✳
▲❛ t✉r❜✉❧❡♥❝❡ ❡st ♠♦❞é❧✐sé❡ ❝♦♠♠❡ ✐s♦tr♦♣❡ ❡t st❛t✐q✉❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❝♦✲♠♦❜✐❧❡
❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝ ✭❧❡ ❝❤♦❝ s✬é❧♦✐❣♥❡ à ❧❛ ✈✐t❡ss❡ c/3 ♣❛r r❛♣♣♦rt ❛✉ ♠✐❧✐❡✉ ❝❤♦q✉é✮✳ ❙♦♥
✐♥t❡♥s✐té ♣❡✉t êtr❡ ♣❧✉s✐❡✉rs ♦r❞r❡s ❞❡ ♠❛❣♥✐t✉❞❡ ♣❧✉s ❣r❛♥❞❡ q✉❡ ❝❡❧❧❡ ❞✉ ❝❤❛♠♣ ré❣✉❧✐❡r
♣ré❡①✐st❛♥t ❞❛♥s ❧❡ ♠✐❧✐❡✉✳ P❛r ❡①❡♠♣❧❡✱ s✐ ✶✪ ❞❡ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞✉ ❝❤♦❝ ❡st tr❛♥s❢éré
❛✉ ❝❤❛♠♣ t✉r❜✉❧❡♥t ❛❧♦rs ❧❡s ✢✉❝t✉❛t✐♦♥s ♣❡✉✈❡♥t êtr❡ ❧♦❝❛❧❡♠❡♥t 106 ❢♦✐s ♣❧✉s ❢♦rt❡s q✉❡
❧❛ ❝♦♠♣♦s❛♥t❡ ré❣✉❧✐èr❡ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡✳
▲❛ ♣rés❡♥❝❡ ❞✬✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ré❣✉❧✐❡r B0✱ ❞✐r✐❣é tr❛♥s✈❡rs❛❧❡♠❡♥t à ❧❛ ♥♦r✲
♠❛❧❡ ❛✉ ❝❤♦❝✱ ❡st ❛✉ss✐ ✐♥❝❧✉s❡ ❞❛♥s ❧✬ét✉❞❡✳ ❊♥ ❡✛❡t✱ ❝❡tt❡ ❝♦♠♣♦s❛♥t❡ ❡st ✐♠♣♦rt❛♥t❡
❝❛r ❝✬❡st ❧✬❛♣t✐t✉❞❡ ❞❡s ♣❛rt✐❝✉❧❡s à ❞✐✛✉s❡r à tr❛✈❡rs ❧❡s ❧✐❣♥❡s ❞✉ ❝❤❛♠♣ ♠♦②❡♥ q✉✐ ❞ét❡r✲
♠✐♥❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ r❡t♦✉r ✈❡rs ❧✬❛♠♦♥t ❞✉ ❝❤♦❝ ❀ ❧❛ q✉❛♥t✐té q✉✐ ❝♦♥trô❧❡ ❧❡ ♣r♦❝❡ss✉s
❞✬❛❝❝é❧ér❛t✐♦♥ ❞✐✛✉s✐✈❡✳
■❧ ❡st ❛✉ss✐ ❛♣♣❛r✉ q✉❡ ❧❛ ❧✐ttér❛t✉r❡ ❡①✐st❛♥t❡ ♥❡ ❝♦♥t❡♥❛✐t ♣❛s ❞✬ét✉❞❡ ❛♥❛❧②t✐q✉❡ ♦✉
♥✉♠ér✐q✉❡ ❞é❞✐é❡ à ❝❡ ré❣✐♠❡ ❞❡ tr❛♥s♣♦rt✱ ♦ù ❧❡ r❛②♦♥ ❞❡ ▲❛r♠♦r ✭♥♦té ♣❛r ❧❛ s✉✐t❡ rL✮
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❡st t♦✉❥♦✉rs ♣❧✉s ❣r❛♥❞ q✉❡ ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ✭ℓc✮ ❡t✱ ❡♥ ♠ê♠❡
t❡♠♣s✱ ❧✬✐♥t❡♥s✐té ❞❡s ✢✉❝t✉❛t✐♦♥s ❞✉ ❝❤❛♠♣ t✉r❜✉❧❡♥t ❡st ♣❧✉s✐❡✉rs ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r
♣❧✉s ❣r❛♥❞❡ q✉❡ ❝❡❧❧❡ ❞✉ ❝❤❛♠♣ ♠♦②❡♥✳ ▲❡ ❝❛s ❧❡ ♣❧✉s ét✉❞✐é ❛❞♠❡t rL < ℓc ❡t δB ∼ B0✱
♦ù ♦♥ ❞é❝r✐t ✉♥❡ ✐♥t❡r❛❝t✐♦♥ rés♦♥♥❛♥t❡ ❛✈❡❝ ✉♥❡ t✉r❜✉❧❡♥❝❡ ♠♦❞éré❡✳ ❈✬❡st ❧❡ ❝❛s ❞✉
✈❡♥t ❙♦❧❛✐r❡ ♦✉ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ♣♦✉r ❧❡s ♣❛rt✐❝✉❧❡s ❞✬é♥❡r❣✐❡ ✐♥❢ér✐❡✉r❡ ❛✉ P❡❱✳
▲❡s tr❛✈❛✉① ❢♦♥❞❛t❡✉rs ❞❡ P❛r❦❡r ❡t ❞❡ ❏♦❦✐♣✐✐ s❡ ♣❧❛❝❡♥t ❞❛♥s ❝❡tt❡ ❧✐❣♥é❡✱ ❝✐t♦♥s ❛✐♥s✐
q✉❡❧q✉❡s ❛rt✐❝❧❡s ❞❡ ré❢ér❡♥❝❡ ✿ ❬✶✕✸❪✳
❆ ❧✬❛✉tr❡ ❡①trê♠❡✱ ✉♥❡ ❛❜s❡♥❝❡ t♦t❛❧❡ ❞✉ ❝❤❛♠♣ ♠♦②❡♥ ♣♦✉r ❧❡ ❝❛s rL > ℓc ❡st ét✉❞✐é❡
❞❛♥s ♣❧✉s✐❡✉rs tr❛✈❛✉① ✭✐✳❡✳ ❬✹✱ ✺❪✮✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s ♦♥ ♦❜t✐❡♥t ❛✐sé♠❡♥t ✉♥ ❝♦❡✣❝✐❡♥t
❞❡ ❞✐✛✉s✐♦♥ ♣r♦♣♦rt✐♦♥♥❡❧ ❛✉ ❝❛rré ❞❡ ❧✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✱ ♠❛✐s ♦♥ ♥é❣❧✐❣❡ ❧❛ ♣rés❡♥❝❡
❞✬✉♥ ❝❤❛♠♣ ♠♦②❡♥✳ ❈❡tt❡ ❛♣♣r♦①✐♠❛t✐♦♥ s❡♠❜❧❡ ❝♦rr❡❝t❡ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❢❛✐❜❧❡ss❡ r❡❧❛t✐✈❡
❞❡ B0 ♣❛r r❛♣♣♦rt à ❧❛ ❝♦♠♣♦s❛♥t❡ ❝❤❛♦t✐q✉❡✳ ◆é❛♥♠♦✐♥s✱ ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡ ❞❡ ❝❡
❞❡r♥✐❡r ♣❡✉t êtr❡ très ♣❡t✐t❡ ❡t ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ✐s♦tr♦♣❡ ❞♦✐t êtr❡ r❡✈✉❡✳ ❉❛♥s ❝❡ ❝❤❛♣✐tr❡
✐❧ s❡r❛ ♠♦♥tré q✉❡ ❧✬✐♥❝❧✉s✐♦♥ ❞✉ ❝❤❛♠♣ ♠♦②❡♥✱ ♠ê♠❡ très ❢❛✐❜❧❡✱ ❝❤❛♥❣❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t
❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ❡t ♣❧❛❝❡ ✉♥❡ ❧✐♠✐t❡ s✉♣ér✐❡✉r❡ à ❧❛ ❞✐✛✉s✐♦♥ tr❛♥s✈❡rs❡ ❛✉①
❧✐❣♥❡s ❞✉ ❝❤❛♠♣ ♠♦②❡♥✳ ▲✬❛♣♣❧✐❝❛t✐♦♥ ❞❡s rés✉❧t❛ts ❛✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ s❡r❛ ❞✐s❝✉té❡ à ❧❛
✜♥ ❞✉ ❝❤❛♣✐tr❡✳
❈❡ tr❛✈❛✐❧ ❛ ❢❛✐t ♦❜❥❡t ❞✬✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ●✉② P❡❧❧❡t✐❡r ❡t ▼❛rt✐♥
▲❡♠♦✐♥❡ ❞❛♥s ❧❡ ❥♦✉r♥❛❧ A&A✱ ✷✵✶✶✳
✸✳✶ ❉é✜♥✐t✐♦♥s ❞❡s q✉❛♥t✐tés ❝❛r❛❝tér✐st✐q✉❡s
❚♦✉t❡ ét✉❞❡ ❞❡ tr❛♥s♣♦rt ❞❡ ♣❛rt✐❝✉❧❡s ❝❤❛r❣é❡s ❞❛♥s ❧❡s ❝❤❛♠♣s ❝❤❛♦t✐q✉❡s s✬é✈❡rt✉❡
à rés♦✉❞r❡ ❧✬éq✉❛t✐♦♥ ❞❡ ▲♦r❡♥t③ ❡♥ s❡ ❞♦♥♥❛♥t ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♣r♦♣r✐étés ♣♦✉r ❧❛ ❝❤❛♠♣
é❧❡❝tr♦♠❛❣♥ét✐q✉❡✳ ■❧ ❛♣♣❛r❛✐t q✉✬✉♥ ❡♥s❡♠❜❧❡ ré❞✉✐t ❞❡ ♣❛r❛♠ètr❡s s❛♥s ❞✐♠❡♥s✐♦♥ s♦✐t
s✉✣s❛♥t ♣♦✉r ❞é❝r✐r❡ ❧❡s ♣r♦♣r✐étés st❛t✐st✐q✉❡s ❞❡ tr❛♥s♣♦rt ❞❡s ♣❛rt✐❝✉❧❡s✳ ❉é✜♥✐ss♦♥s
♣♦✉r ❧✬ét✉❞❡ q✉✐ ✈❛ s✉✐✈r❡ ❝❡s q✉❛♥t✐tés ❝❛r❛❝tér✐st✐q✉❡s✳
✕ ❉❡❣ré ❞❡ t✉r❜✉❧❡♥❝❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✿ η = 〈δB2〉/(B20+〈δB2〉) = 〈δB2〉/B2rms✳
■❧ ❡st é❣❛❧ à 0 q✉❛♥❞ ✐❧ ♥✬② ❛ ♣❛s ❞❡ t✉r❜✉❧❡♥❝❡ 〈δB2〉 = 0 ❡t ❡st é❣❛❧ à 1 q✉❛♥❞ ✐❧
♥✬② ♣❛s ❞❡ ❝❤❛♠♣ ♠♦②❡♥ B0 = 0✳
✕ ▲♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡ ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ t✉r❜✉❧❡♥t❡ ℓc✳ ❉é✜♥✐❡ ❝♦♠♠❡ ❧❛ ♣♦rté❡
❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬❛✉t♦✲❝♦rré❧❛t✐♦♥ ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ t✉r❜✉❧❡♥t❡✳ ❚②♣✐q✉❡♠❡♥t✱ ♣♦✉r
✉♥❡ t✉r❜✉❧❡♥❝❡ à ❧❛ ❑♦❧♠♦❣♦r♦✈✱ ℓc = 0.24Lmax✱ ♦ù Lmax ❡st ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡
♠❛①✐♠❛❧❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡✳
✕ ❘❛②♦♥ ❞❡ ▲❛r♠♦r ❡✛❡❝t✐❢ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✿ r¯L = ǫ/(qBrms)✳ ❆ ❝♦♠♣❛r❡r à ❧❛ ❞é✜♥✐✲
t✐♦♥ ♣❛r r❛♣♣♦rt ❛✉ ❝❤❛♠♣ ré❣✉❧✐❡r s❡✉❧ ✿ RL,0 = ǫ/(qB0) q✉✐ ♥✬❡st ♣❛r r❡♣rés❡♥t❛t✐❢
❡♥ ♣rés❡♥❝❡ ❞✉ ❝❤❛♠♣ t✉r❜✉❧❡♥t✳
✕ ❘✐❣✐❞✐té ré❞✉✐t❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✿ ρ = r¯L/ℓc✳ ❈❡ ♣❛r❛♠ètr❡ s❛♥s ❞✐♠❡♥s✐♦♥ ❞é❧✐♠✐t❡
❈❍❆P■❚❘❊ ✸✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆❱❆▲ ❉❯ ❈❍❖❈ ✹✸
❞❡✉① ré❣✐♠❡s ❞❡ tr❛♥s♣♦rt ❞✐✛ér❡♥ts✱ s✐ s❛ ✈❛❧❡✉r ❡st ♣❧✉s ♣❡t✐t❡ ♦✉ ♣❧✉s ❣r❛♥❞❡
q✉❡ ✶✳ ❉❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ♥♦✉s ✉t✐❧✐s❡r♦♥s ✉♥❡ ❞é✜♥✐t✐♦♥ ❛❧t❡r♥❛t✐✈❡
ρ′ ≡ 2πr¯L/Lmax✱ ❝❛r ℓc ♥✬❡st ♣❛s ✉♥ ♣❛r❛♠ètr❡ ♥✉♠ér✐q✉❡ ♠❛✐s ✉♥❡ ❣r❛♥❞❡✉r
❞é❞✉✐t❡ ❞❡ ❧❛ ❝❛s❝❛❞❡ t✉r❜✉❧❡♥t❡ ❞✉ ❝❤❛♠♣✳
▲❡s ♣r♦♣r✐étés ❞❡ tr❛♥s♣♦rt ❡t ❧❛ ✈❛❧❡✉r ❞❡ ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ❞é♣❡♥❞❡♥t ✉♥✐q✉❡✲
♠❡♥t ❞❡ ❞❡✉① ❞❡ ❝❡s q✉❛♥t✐tés ✿ η ❡t ρ✱ s✐ ρ > 1✳
✸✳✶✳✶ ■♥t❡r❛❝t✐♦♥ rés♦♥♥❛♥t❡ ❡t ♥♦♥✲rés♦♥♥❛♥t❡
▲✬✐♠♣♦rt❛♥t❡ ❞✐st✐♥❝t✐♦♥ ❞❛♥s ❧❛ ♣❛♥♦♣❧✐❡ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❡st ❝❡❧❧❡ ❡♥tr❡ ❧✬✐♥t❡r✲
❛❝t✐♦♥ rés♦♥♥❛♥t❡ ❡t ♥♦♥✲rés♦♥♥❛♥t❡✳
✕ ❉❛♥s ❧❡ ❝❛s rés♦♥♥❛♥t✱ ❧❡ r❛②♦♥ ❞❡ ▲❛r♠♦r ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ tr♦✉✈❡ t♦✉❥♦✉rs ✉♥❡
❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ q✉✐ ❧✉✐ ❡st é❣❛❧❡✳ ❈❡tt❡ rés♦♥❛♥❝❡ ❛♣♣♦rt❡ ✉♥❡
❝♦♥tr✐❜✉t✐♦♥ ♣r✐♥❝✐♣❛❧❡ à ❧✬✐♥té❣r❛❧❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❡t ❞♦♥❝ à
❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❞✐✛✉s✐♦♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✳ P❛r ❛♥❛❧♦❣✐❡✱ ♣r❡♥♦♥s ❧❛ t✉r❜✉❧❡♥❝❡ ❞❛♥s
✉♥ ✢✉✐❞❡ s♦✉s ❢♦r♠❡ ❞❡ ✈♦rt❡① ❞❡ ❞✐✛ér❡♥t❡s t❛✐❧❧❡s✳ ❈❡tt❡ rés♦♥❛♥❝❡ ❝♦rr❡s♣♦♥❞r❛
❛❧♦rs à ✉♥❡ é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ ❧❛❣r❛♥❣✐❡♥♥❡ ❞✉ ✢✉✐❞❡ t❡❧❧❡ q✉❡ s❛
✈✐t❡ss❡ s♦✐t é❣❛❧❡ à ❧❛ ✈✐t❡ss❡ ❞❡ r♦t❛t✐♦♥ ❞✉ ✈♦rt❡①✳
✕ ❉❛♥s ❧❡ ❝❛s ♥♦♥✲rés♦♥♥❛♥t✱ ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ t✉r❜✉❧❡♥t❡ é❣❛❧❡ ❛✉
r❛②♦♥ ❞❡ ▲❛r♠♦r ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✳ ❙✐ r¯L > Lmax ❛❧♦rs ♦♥ s✬❛tt❡♥❞ à ✉♥❡ ♠❛r❝❤❡ ❛✉
❤❛s❛r❞ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❛✈❡❝ ♣❡t✐ts ❛♥❣❧❡s ❞❡ ❞é✈✐❛t✐♦♥✳ ❆ ❧✬♦♣♣♦sé✱ s✐ Lmin ❡st ❧❛
❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ♠✐♥✐♠❛❧❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ❡t r¯L < Lmin ❛❧♦rs ❧❛ ♣❛rt✐❝✉❧❡ r❡st❡
❛tt❛❝❤é❡ à ✉♥❡ ❧✐❣♥❡ ❞❡ ❝❤❛♠♣ ❞♦♥♥é❡ ✭❧✬❛♥❛❧♦❣✐❡ ❞✉ ♣✐é❣❡❛❣❡ ❞❛♥s ✉♥ ✈♦rt❡① ✢✉✐❞❡✮✳
❈❡ ♣r♦❝❡ss✉s ❡st ♥♦♥✲♠❛r❦♦✈✐❡♥ ❡t ♦♥ ♣❛r❧❡ ❞❡ s✉❜✲❞✐✛✉s✐♦♥✳
▲❛ ♣rés❡♥t❡ ét✉❞❡ s❡ ♣❧❛❝❡ ❞❛♥s ❧❡ ❝❛s ρ > 1✳
✸✳✷ ➱t✉❞❡ ♥✉♠ér✐q✉❡
✸✳✷✳✶ ▼♦❞é❧✐s❛t✐♦♥
◆♦✉s ♠♦❞é❧✐s♦♥s ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ t✉r❜✉❧❡♥t ❝♦♠♠❡ ét❛♥t ✐s♦tr♦♣❡ ❡t st❛t✐q✉❡✳
❈♦♠♠❡ ❞✐s❝✉té ♣ré❝é❞❡♠♠❡♥t✱ ❧✬❤②♣♦t❤ès❡ ❞✬✐s♦tr♦♣✐❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡♥ ❛✈❛❧ ❞✉
❝❤♦❝ ❢❛✐t ♣❛rt✐❡ ❞✉ ♠♦❞è❧❡ ❛❞♦♣té ✐❝✐ ❡t ❡st ❝♦rr♦❜♦ré❡ ♣❛r ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ✏❛❜✲
✐♥✐t✐♦✑ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ✭❬✻✕✽❪✮✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ st❛t✐q✉❡ ❡st ✈❛❧❛❜❧❡
t❛♥t q✉❡ ❧❛ ✈✐t❡ss❡ ❞❡s ♣❛rt✐❝✉❧❡s ❝❤❛r❣és ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ❣r❛♥❞❡ q✉❡ ❧❛ ✈✐t❡ss❡ ❞✬❆❧❢✈é♥✳
❖r✱ ❞❛♥s ♥♦tr❡ ❝❛s✱ ❧❡s ♣❛rt✐❝✉❧❡s s♦♥t r❡❧❛t✐✈✐st❡s ❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ très ♣r♦❝❤❡ ❞❡ c
❡t ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❢❛✐❜❧❡ ✐♠♣❧✐q✉❡ σ = (vA/c)2 << 1✳ P❛r ❡①❡♠♣❧❡✱ ❞❛♥s ❧❡ ♠✐❧✐❡✉
✐♥t❡rst❡❧❧❛✐r❡ ♦♥ ❛✉r❛ t②♣✐q✉❡♠❡♥t σ ∼ 10−9 ❡t ❡❧❧❡ ❡st ✐♥✈❛r✐❛♥t❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❝❤♦q✉é✳
✹✹ ✸✳✷✳ ➱❚❯❉❊ ◆❯▼➱❘■◗❯❊
❙✉r ❧✬é❝❤❡❧❧❡ ❞❡ t❡♠♣s ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❧❛ ♣❛rt✐❝✉❧❡ ♥✬❛✉r❛ ❞♦♥❝ ♣❛s ❧❡ t❡♠♣s ❞❡ r❡ss❡♥t✐r ❧❛
♠♦❞✐✜❝❛t✐♦♥ ❞✉ ❝❤❛♠♣ t✉r❜✉❧❡♥t✱ ♣❛r ❝♦♥séq✉❡♥t ❧✬❛♣♣r♦①✐♠❛t✐♦♥ st❛t✐q✉❡ ❡st ❛❞éq✉❛t❡✳
❈♦♥str✉❝t✐♦♥ ❞✉ ❝❤❛♠♣
▲❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ t♦t❛❧ ❡st ❡①♣r✐♠é ❝♦♠♠❡ B = B0 + δB✱ ❛✈❡❝ ❧❛ ❝♦♠♣♦s❛♥t❡
ré❣✉❧✐èr❡ ♦r✐❡♥té❡ s✉✐✈❛♥t z ❡t δB ❝♦♥s✐❞éré ❝♦♠♠❡ ✐s♦tr♦♣❡ ❡♥ tr♦✐s ❞✐♠❡♥s✐♦♥s s♣❛t✐❛❧❡s✳
▲✬❛❧❣♦r✐t❤♠❡ ♥✉♠ér✐q✉❡ ❞❡ ❝♦♥str✉❝t✐♦♥ ❞✉ ❝❤❛♠♣ ❡st s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❞❡ ●✐❛❝❛❧♦♥❡
✫ ❏♦❦✐♣✐✐ ❬✷❪ ♦✉ ❈❛ss❡ ❡t ❛❧✳ ❬✸❪✳ ■❧ ❝♦♥s✐st❡ à r❡♣rés❡♥t❡r ❧❛ ❝♦♠♣♦s❛♥t❡ ✐rré❣✉❧✐èr❡ ❡♥
s♦♠♠❛♥t s✉r ✉♥ ❡♥s❡♠❜❧❡ ❞✬♦♥❞❡s ♣❧❛♥❡s ❞♦♥t ♦♥ ❞é✜♥✐t ❧❡ ♥♦♠❜r❡ Nmod✱ ❧❡s ❧♦♥❣✉❡✉rs
❞✬♦♥❞❡ t✉r❜✉❧❡♥t❡s ❛❧❧❛♥t ❞❡ Lmin = 1 ≡ 2π/kmax à Lmax ≡ 2π/kmin ❡t ❧✬❛♠♣❧✐t✉❞❡
❞❡ ❝❤❛q✉❡ ♠♦❞❡✳ ❈❡❧❧❡✲❝✐ ❡st ❞✐str✐❜✉é❡ s✉✐✈❛♥t ✉♥❡ ❧♦✐ ❡♥ ♣✉✐ss❛♥❝❡ tr♦♥q✉é❡✳ ❖♥ ♣❡✉t
❧✬é❝r✐r❡ ❞❡ ❧❛ ♠❛♥✐èr❡ s✉✐✈❛♥t❡ ✿
δB(x) =
∑
n
Gn(kn)ξn cos (kn · x+ βn) . ✭✸✳✶✮
❆✈❡❝ ❧❡s ♠♦❞❡s ❞❡ ❋♦✉r✐❡r ❞✬❛♠♣❧✐t✉❞❡ Gn✱ ♥♦♠❜r❡s ❞✬♦♥❞❡ kn = 2πLnek ❞✐str✐❜✉és
❞❡ ♠❛♥✐èr❡ ✐s♦tr♦♣❡ ❡t ❧❡ ✈❡❝t❡✉r ✉♥✐t❛✐r❡ ξn ❡st ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à kn ♣♦✉r ❛ss✉r❡r ❧❛
❝♦♥❞✐t✐♦♥ ❞❡ ❞✐✈❡r❣❡♥❝❡ ♥✉❧❧❡ ∇ · δB = 0✳ ❋✐♥❛❧❡♠❡♥t✱ βn ∈ [0, 2π] r❡♣rés❡♥t❡ ❧❛ ♣❤❛s❡
❛❧é❛t♦✐r❡ ❞❡ ❧✬♦♥❞❡✳ ▲❡ ❝❤❛♠♣ t♦t❛❧ ❡st ♥♦r♠❛❧✐sé ♣❛r ❧❡ ♣❛r❛♠ètr❡ ❞❡ t✉r❜✉❧❡♥❝❡ η q✉✐
✈✐❡♥t s✬✐♥❝♦r♣♦r❡r ❞❛♥s ❧✬❡①♣r❡ss✐♦♥ ❞✬❛♠♣❧✐t✉❞❡ ❞❡s ♠♦❞❡s s✉✐✈❛♥t ✉♥❡ ❧♦✐ ❡♥ ♣✉✐ss❛♥❝❡
❞❡ t②♣❡ ❑♦❧♠♦❣♦r♦✈ ✿ Gn ∝ k−5/3n ✳
❘❡♠❛rq✉♦♥s q✉❡ ❧❡ ❞ét❛✐❧ ❞❡ ❧❛ ❝❛s❝❛❞❡ t✉r❜✉❧❡♥t❡ ♥✬❡st ♣❛s ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ré❣✐♠❡
q✉✐ ♥♦✉s ✐♥tér❡ss❡ ❝❛r ❧❡ r❛②♦♥ ❞❡ ▲❛r♠♦r ❞❡s ♣❛rt✐❝✉❧❡s ❡st ♣❧✉s ❣r❛♥❞ q✉❡ t♦✉t❡s ❧❡s
❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡✳ P♦✉r ❧❡s ♣❛rt✐❝✉❧❡s ❞✬é♥❡r❣✐❡ ✏t❤❡r♠✐q✉❡✑ ❡♥ ❛✈❛❧
γ2shmpc
2 ❧❛ r✐❣✐❞✐té ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ❧✬✉♥✐té ✭✐✳❡✳ s✐♠✉❧❛t✐♦♥s ❞❡ ❬✻❪✮✳ P♦✉r ❧❡s ♣❛rt✐❝✉❧❡s
❞✬é♥❡r❣✐❡ ♣❧✉s ❣r❛♥❞❡✱ ❝❡❧❧❡s q✉✐ ♣❛rt✐❝✐♣❡♥t ❛✉ ♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐✱ ρ ❡st t♦✉❥♦✉rs ♣❧✉s
❣r❛♥❞ q✉❡ ✶✳
❙✉✐t❡ à ♣❧✉s✐❡✉rs t❡sts ❞❡ ❧❛ ♣♦rté❡ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ✭Lmax/Lmin✮ ❡t ❞✉
♥♦♠❜r❡ ❞❡ ♠♦❞❡s ✭Nmod✮✱ ♥♦✉s ❛❞♦♣t♦♥s Lmax/Lmin = 10 ❡t Nmod = 200− 300 ❝♦♠♠❡
❧❡ ♠❡✐❧❧❡✉r ❝♦♠♣r♦♠✐s ❡♥tr❡ ❧❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧ ❡t ❧❛ ♣r❡❝✐s✐♦♥ ♥✉♠ér✐q✉❡ ❞❡s rés✉❧t❛ts✳
❊q✉❛t✐♦♥ ❞❡ ♠♦✉✈❡♠❡♥t
▲❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❝❤❛r❣é❡s ❡t ❞é❝r✐t❡ ♣❛r ❧✬éq✉❛t✐♦♥ ❞❡ ▲♦r❡♥t③✲◆❡✇t♦♥
dv
dt
=
q
γmc
v × (B0 + δB) . ✭✸✳✷✮
❈❍❆P■❚❘❊ ✸✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆❱❆▲ ❉❯ ❈❍❖❈ ✹✺
❖ù q ❡st ❧❛ ❝❤❛r❣❡✱ m ❡st ❧❛ ♠❛ss❡ ❡t v ❡st ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✳ ❈♦♠♠❡ ✐❧ ♥✬② ❛ ♣❛s
❞❡ ❝❤❛♠♣ é❧❝tr✐q✉❡✱ ❧✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞♦✐t êtr❡ ❝♦♥s❡r✈é❡ ✭s♦♥ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③
γ✮✳ ❈❡❧❛ ❝♦♥❞✐t✐♦♥♥❡ ❧❡ ❝❤♦✐① ❞❡ ❧✬✐♥té❣r❛t❡✉r ♥✉♠ér✐q✉❡ ❡t ❧✬éq✳ ✭✸✳✷✮ ❡st ❞♦♥❝ rés♦❧✉❡ ❡♥
✉t✐❧✐s❛♥t ❧❡ s❝❤é♠❛ ❞❡ ❇✉❧✐rs❝❤✲❙t♦❡r ✭Pr❡ss ❡t ❛❧✳ ❬✾❪✮ q✉✐ ♣❡r♠❡t ✉♥❡ très ❜♦♥♥❡ ♣ré❝✐s✐♦♥
♥✉♠ér✐q✉❡ ❡t ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞✬é♥❡r❣✐❡ ❡st ✐♠♣♦sé❡ ❡①♣❧✐❝✐t❡♠❡♥t à ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s
♣❛r ❧❡ ❝♦❞❡✳
❆♣♣r♦❝❤❡ ▼♦♥t❡✲❈❛r❧♦
▲✬❛♣♣r♦❝❤❡ ▼♦♥t❡✲❈❛r❧♦ ❡st ❛❞♦♣té❡ ♣♦✉r ❧❡ ❝❛❧❝✉❧ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥✳ ▲❛
❞é♠❛r❝❤❡ ❡st ❧❛ s✉✐✈❛♥t❡ ✿ ♦♥ ✐♥tè❣r❡ ❧❡s tr❛❥❡❝t♦✐r❡s ❞✬✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s
✭♣❧✉s✐❡✉rs ♠✐❧❧✐❡rs✮ s✉r ✉♥ t❡♠♣s ❛ss❡③ ❧♦♥❣ ♣♦✉r ❛rr✐✈❡r ❛✉ ré❣✐♠❡ ❞✐✛✉s✐❢✳ ❈❡tt❡ ❞❡r♥✐èr❡
❝♦♥tr❛✐♥t❡ ✐♠♣♦s❡ q✉❡ ❧❡ t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥ s♦✐t s✉♣ér✐❡✉r à ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ❞❡ ρ2ℓc/c✳
❊♥s✉✐t❡ ♦♥ ❝❛❧❝✉❧❡ ❧❡s ♠♦②❡♥♥❡s s✉r ❞✐✛ér❡♥t❡s tr❛❥❡❝t♦✐r❡s ❡t ❞✐✛ér❡♥t❡s ré❛❧✐s❛t✐♦♥s ❞✉
❝❤❛♠♣ t✉r❜✉❧❡♥t✱ ❝♦♠♠❡ s✉✐t ✿
Dij(t) =
1
2NpNfield
Nfield∑
n=1
Np∑
k=1
(xi(t)− xi(t0))(xj(t)− xj(t0))n,k
t− t0
=
〈∆xi∆xj〉
2∆t
. ✭✸✳✸✮
▲❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s Np ❡t ❝❤❛q✉❡ ré❛❧✐s❛t✐♦♥ ❞✉ ❝❤❛♠♣ Nfield ❞♦✐✈❡♥t t♦✉s ❧❡s ❞❡✉①
êtr❡ ❛r❜✐tr❛✐r❡♠❡♥t ❣r❛♥❞s ♣♦✉r ❡st✐♠❡r ♣ré❝✐sé♠❡♥t ❧❛ ❝♦♠♣♦s❛♥t❡ (i, j) ❞✉ t❡♥s❡✉r ❞❡
❞✐✛✉s✐♦♥✳ P♦✉r ❝❤❛q✉❡ ✈❛❧❡✉r ❞❡ ρ′ ♥♦✉s ♣r❡♥♦♥s Nfield × Np = 103✳ ◗✉❛♥❞ t → ∞✱ ❡t
♣❧✉s ♣ré❝✐sé♠❡♥t q✉❛♥❞ t ❡st ♣❧✉s ❣r❛♥❞ q✉❡ ❧❡ t❡♠♣s ❞❡ ❞✐✛✉s✐♦♥✱ Dij t❡♥❞ ✈❡rs ✉♥❡
✈❛❧❡✉r ✜♥✐❡ ✭♣❧❛t❡❛✉✮✳ ❖♥ ❛tt❡✐♥t ❛❧♦rs ❧❡ ré❣✐♠❡ ❞✐✛✉s✐❢ ❛✈❡❝ ❧❡ ❝♦❡✣❝✐❡♥t ❝♦rr❡s♣♦♥❞❛♥t✳
▲✬♦♣ér❛t✐♦♥ ❡st r❡♣❡té❡ ♣♦✉r ❝❤❛q✉❡ ❝♦✉♣❧❡ ❞❡s ♣❛r❛♠ètr❡s η ❡t ρ′✳
P❛ss♦♥s ♠❛✐♥t❡♥❛♥t ❛✉① rés✉❧t❛ts ♥✉♠ér✐q✉❡s ❡♥ tr❛✐t❛♥t ❞❡✉① ❝❛s ❞✐st✐♥❝ts ✿ t✉r❜✉✲
❧❡♥❝❡ ♣✉r❡ ✭B0 = 0✱ η = 1✮ ❡t t✉r❜✉❧❡♥❝❡ très ❢♦rt❡ ✭δB ≫ B0✮✳
✸✳✷✳✷ ❚✉r❜✉❧❡♥❝❡ ♣✉r❡✱ B0 = 0
▲❡ ❝❛s ❞✬✉♥❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♣✉r❡ ✭B0 = 0✮ ♥♦✉s s❡r✈✐r❛ ❝♦♠♠❡ ré❢ér❡♥❝❡ ❡t t❡st
❞❡ ♣ré❝✐s✐♦♥ ❞❡s s✐♠✉❧❛t✐♦♥s✳ ❊♥ ❡✛❡t✱ ❞❡s ❛r❣✉♠❡♥ts ❤❡✉r✐st✐q✉❡s ♣ré❞✐s❡♥t ♣♦✉r ❧❡s
♣❛rt✐❝✉❧❡s ❛✈❡❝ ρ > 1 ✉♥ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ s♣❛t✐❛❧❡ ♣r♦♣♦rt✐♦♥♥❡❧ ❛✉ ❝❛rré ❞❡ ❧✬é♥❡r❣✐❡
❞❡ ❧❛ ♣❛rt✐❝✉❧❡✳ ❉❡s tr❛✈❛✉① ❝♦♠♠❡ ❬✸✱ ✺✱ ✹❪ tr♦✉✈❡♥t ❝❡ rés✉❧t❛t ♣❛r ♠ét❤♦❞❡s ❞✐✛ér❡♥t❡s✳
❆✜♥ ❞✬✐❧❧✉str❡r ❧❡✉r ❝♦♥✈❡r❣❡♥❝❡✱ ❥❡ ♣rés❡♥t❡ ✐❝✐ ❧✬❡①❡♠♣❧❡ ❞❡ ❝❡s ❞✐✛ér❡♥t❡s ❛♣♣r♦❝❤❡s✱
❛✈❛♥t ❞❡ ♣❛ss❡r ❛✉① rés✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s✳
✹✻ ✸✳✷✳ ➱❚❯❉❊ ◆❯▼➱❘■◗❯❊
✶✳ ❈♦♥s✐❞ér♦♥s ✉♥ ❡s♣❛❝❡ ♣❛✈é ♣❛r ❞❡s s♣❤èr❡s ❞❡ r❛②♦♥ ℓc ❝♦♥t❡♥❛♥t ❡♥ ♠♦②❡♥♥❡
✉♥ ❝❤❛♠♣ ❞✬✐♥t❡♥s✐té
√
〈δB2〉 ❬✺❪✳ ▲✬♦r✐❡♥t❛t✐♦♥ ❞✉ ❝❤❛♠♣ ✈❛r✐❡ ❞❡ ♠❛♥✐èr❡ ❛❧é❛✲
t♦✐r❡ ❞✬✉♥❡ s♣❤❡r❡ ❛ ❧✬❛✉tr❡✳ ❯♥❡ ♣❛rt✐❝✉❧❡ ❝❤❛r❣é❡✱ s❡ ♣r♦♣❛❣❡❛♥t ❞❛♥s ✉♥❡ t❡❧❧❡
t✉r❜✉❧❡♥❝❡ s❡r❛ ❛❧♦rs ❞é✢é❝❤✐❡ ❞✬✉♥ ❛♥❣❧❡ ∆θ ≃ ℓc/r¯L s✉r ❝❤❛q✉❡ s♣❤❡r❡✳ ❈❡s ❞é✲
✢❡①✐♦♥s ét❛♥t ❛❧é❛t♦✐r❡s ♥♦✉s ❞é❞✉✐s♦♥s ❧❛ ❢réq✉❡♥❝❡ ❞❡ ❞✐✛✉s✐♦♥ ❛♥❣✉❧❛✐r❡ ❝♦♠♠❡
νs = 〈δθ2〉/∆t = cℓc/r¯2L✱ ♦ù ♦♥ ❛ ∆t = ℓc/c✳ ▲✬❡①♣r❡ss✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥
s♣❛t✐❛❧❡ s❡ ❞é❞✉✐t ❞✐r❡❝t❡♠❡♥t ♣❛r D = c2/(3νrms) = cr¯2L/(3ℓc) = cℓcρ
2/3✳
✷✳ ❖♥ tr♦✉✈❡ ✉♥❡ ❛♣♣r♦❝❤❡ ♣❧✉s ❢♦r♠❡❧❧❡ ❞❛♥s ❬✸❪✳ ▲❡s ❛✉t❡✉rs ❝♦♥s✐❞èr❡♥t ❧❛ ❢♦♥❝t✐♦♥
❞❡ ❝♦rré❧❛t✐♦♥ ❞✉ ❝❤❛♠♣ t✉r❜✉❧❡♥t r❡ss❡♥t✐ ♣❛r ❧❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡✉r tr❛❥❡❝t♦✐r❡✳
❈♦♠♠❡ ρ > 1✱ ♦♥ ♥✬❛ ♣❧✉s ❞❡ rés♦♥❛♥❝❡ ❛✈❡❝ ❧❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ t✉r❜✉❧❡♥t❡s ❡t
♦♥ ♦❜t✐❡♥t ✭❛♣♣❡♥❞✐❝❡ ✷ ❞❡ ❬✸❪✮ ♣♦✉r ❧❛ ❢réq✉❡♥❝❡ ❞❡ ❞✐✛✉s✐♦♥ ❛♥❣✉❧❛✐r❡ ✿
νs ≃ c
ℓc
√
π
3
∫
k>1/ρ
dk
S(k)
kρ2
. ✭✸✳✹✮
❖ù S(k) ❡st ❧❡ s♣❡❝tr❡ ❡♥ é♥❡r❣✐❡ ❞✉ ❝❤❛♠♣ t✉r❜✉❧❡♥t✳ ❈♦♠♠❡ ❧❛ rés♦♥❛♥❝❡ ❡st
❛❜s❡♥t❡✱ ❧❡ t❡r♠❡ ❡♥ ρ−2 s♦rt ❞❡ ❧✬✐♥té❣r❛❧❡ ❡t ♦♥ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡ rés✉❧t❛t
♣ré❝é❞❡♥t à ✉♥ ❢❛❝t❡✉r ❞❡ ❧✬♦r❞r❡ ✉♥✐té ♣rès✳
✸✳ ▲❛ s✐♠✉❧❛t✐♦♥ ♥✉♠ér✐q✉❡ ❞✐r❡❝t❡ ❞❡ P❛r✐③♦t ✷✵✵✹ ❬✹❪ ♣❛r ✐♥té❣r❛t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥
❞❡ ▲♦r❡♥t③✱ ❝♦♠♠❡ ❞❛♥s ❧❛ ♣rés❡♥t❡ ét✉❞❡✳ ▲✬❛✉t❡✉r r❡tr♦✉✈❡ ❜✐❡♥ D ∝ ǫ2 ❧♦rsq✉❡
ρ ≫ 1✱ ✐❧❧✉str❛♥t ❧❛ ❝❛♣❛❝✐té ❞❡s ❝♦❞❡s ▼♦♥t❡✲❈❛r❧♦ à s✬❛tt❛q✉❡r à ❝❡ ré❣✐♠❡ ❞❡
tr❛♥s♣♦rt✳
❘és✉❧t❛t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥
◆♦✉s ♣r❡♥♦♥s ❞♦♥❝ η = 1 ❡t ♣r♦❝é❞♦♥s à ❧❛ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ✶✵✵✵ ♣❛rt✐❝✉❧❡s ♣♦✉r
❝❤❛q✉❡ ✈❛❧❡✉r ❞❡ ρ′ ❛❧❧❛♥t ❞❡ ✶ à ✶✵✵✳ ▲❡ é❝❛rts q✉❛❞r❛t✐q✉❡s ♠♦②❡♥s ♣❛r r❛♣♣♦rt ❛✉①
♣♦✐♥ts ❞✬♦r✐❣✐♥❡ s♦♥t s❛✉✈❡❣❛r❞és ❛♣rès ❧❡ ❝❛❧❝✉❧ ❞❡ s♦rt❡ à ❞é❞✉✐r❡ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐❢✲
❢✉s✐♦♥ s♣❛t✐❛❧❡ ♣❛r ❧❛ ❢♦r♠✉❧❡ s✉✐✈❛♥t❡ ✿
Diso =
〈
∆x2
〉
+
〈
∆y2
〉
+
〈
∆z2
〉
6∆t
. ✭✸✳✺✮
❖ù ❧✬éq✉✐✈❛❧❡♥❝❡ ❞❡ ❝❤❛q✉❡ ❞✐r❡❝t✐♦♥ s♣❛t✐❛❧❡ à été ✈ér✐✜é❡ ❡①♣❧✐❝✐t❡♠❡♥t✳ ▲❡ rés✉❧t❛t
❡st ♣rés❡♥té ❞❛♥s ❧❛ ❋✐❣✳ ✸✳✶✳ ▲❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❡st ❜✐❡♥ ♣r♦♣♦rt✐♦♥♥❡❧ ❛✉ ❝❛rré
❞❡ ❧❛ r✐❣✐❞✐té ✭❞♦♥❝ ❞❡ ❧✬é♥❡r❣✐❡✮✱ Diso ≃ cLmaxρ′2/(2π) ∝ ǫ2✳
❈❍❆P■❚❘❊ ✸✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆❱❆▲ ❉❯ ❈❍❖❈ ✹✼
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❋✐❣✳ ✸✳✶✿ ➱✈♦❧✉t✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❞❛♥s ✉♥❡ t✉r❜✉❧❡♥❝❡ ♣✉r❡ ✭Diso ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ r✐❣✐❞✐té ♥✉♠ér✐q✉❡ ρ′✱Nreal = 104✮✳ ▲❡ ❝♦❡✣❝✐❡♥t ❡st ❛✣❝❤é ❡♥ ✉♥✐tés ❞❡ cLmax/(2π)✳
❯♥❡ ❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧é s❡rt ❞❡ ❣✉✐❞❡ ♣♦✉r ❧❛ ❧♦✐ Diso ∝ ρ′2✱ ❡✛❡❝t✐✈❡♠❡♥t s✉✐✈✐❡ ❞✬❛♣rès ❧❡s
rés✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s✳
✸✳✷✳✸ ❚✉r❜✉❧❡♥❝❡ ❢♦rt❡✱ δB ≫ B0
▲✬✐♥tr♦❞✉❝t✐♦♥ ❞✬✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♠♦②❡♥ ❜r✐s❡ ❧✬✐s♦tr♦♣✐❡ ❞✉ ❝❤❛♠♣ t♦t❛❧ B =
B0 + δB✳ ❚♦✉t❡❢♦✐s✱ ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r δB ≫ B0 ❛ ❝♦♥❞✉✐t ❧❡s ét✉❞❡s ❡①✐st❛♥t❡s s✉r ❧❡
s✉❥❡t à ♥é❣❧✐❣❡r ❧❛ ♣rés❡♥❝❡ ❞✉ ❝❤❛♠♣ ♠♦②❡♥ ❡♥ s✉♣♣♦s❛♥t q✉❡ ❧✬❛♥✐s♦tr♦♣✐❡ ✐♥tr♦❞✉✐t❡
♣❛r B0 ❡st ♣❡t✐t❡✳ ❈♦♠♠❡ ♦♥ ❧❡ ✈❡rr❛ ♣❧✉s ❧♦✐♥ ❝❡tt❡ ❤②♣♦t❤ès❡ ♥✬❡st ♣❧✉s ✈❛❧✐❞❡ q✉❛♥❞
❧❛ r✐❣✐❞✐té ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡st très ❣r❛♥❞❡✱ ♣❧✉s ❡①❛❝t❡♠❡♥t ♣♦✉r ρ > δB/B0✳
❯♥❡ sér✐❡ ❞❡s s✐♠✉❧❛t✐♦♥ ❛ été ❡✛❡❝t✉é❡ ❡♥ ♣r❡♥❛♥t δB2/B20 ❛❧❧❛♥t ❞❡ 1 à 10
4 ❡t ❞❡s
r✐❣✐❞✐tés ❛❧❧❛♥t ❞❡ 1 à 100✳
✹✽ ✸✳✷✳ ➱❚❯❉❊ ◆❯▼➱❘■◗❯❊
❉✐✛✉s✐♦♥ ♣❛r❛❧❧è❧❡
❊♥ ❞✐r❡❝t✐♦♥ ♣❛r❛❧❧è❧❡ ❛✉ ❝❤❛♠♣ ♠♦②❡♥ ❧❛ ❣✐r❛t✐♦♥ ré❣✉❧✐èr❡ ♥✬❛ ♣❛s ❞✬❡✛❡t✳ ◆♦✉s ♥♦✉s
❛tt❡♥❞♦♥s ❞♦♥❝ à ❧❛ ♠ê♠❡ ❧♦✐ q✉✬❡♥ ❝❛s ❞❡ t✉r❜✉❧❡♥❝❡ ♣✉r❡✳ ❉❛♥s ❧❛ ✜❣✉r❡ ✸✳✷✱ D‖ ❡st
tr❛❝é ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ r✐❣✐❞✐té ρ′ ♣♦✉r ❝❤❛q✉❡ ❞❡❣ré ❞❡ t✉r❜✉❧❡♥❝❡✳ ▲❛ ❧♦✐ ❡♥ ǫ2 ② ❡st
t♦✉❥♦✉rs r❡s♣❡❝té❡ ❡t ❧❡ ❞❡❣ré ❞❡ ♥♦r♠❛❧✐s❛t✐♦♥ r❡st❡ ❧❡ ♠ê♠❡ à ♣❛rt✐r ❞✉ ♠♦♠❡♥t ♦ù
δB2/B20 ≫ 1✳
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❋✐❣✳ ✸✳✷✿ ❈♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ♣❛r❛❧❧è❧❡ D‖ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ r✐❣✐❞✐té ρ′ ✭Nreal = 104
♣♦✉r ❝❤❛q✉❡ ♣♦✐♥t✮✳ ▲❡s ❞✐✛ér❡♥ts s②♠❜♦❧❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❞✐✛ér❡♥t❡s ✈❛❧❡✉rs ❞✉
❞❡❣ré ❞❡ t✉r❜✉❧❡♥❝❡ ❡♥tr❡ 1 ❡t 104✳ ❉❡ ♠ê♠❡ q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ♣✉r❡ ♦♥
tr♦✉✈❡ D‖ ∝ ρ′2✳
❉✐✛✉s✐♦♥ tr❛♥s✈❡rs❡
▲❡ ❝❛s ❞❡ ✜❣✉r❡ ❡st ❞✐✛ér❡♥t ❡♥ ❞✐r❡❝t✐♦♥ tr❛♥s✈❡rs❡ ✭x ❡t y✮✳ ▲❛ ❞✐✛✉s✐♦♥ ❛♥❣✉❧❛✐r❡
♣❛r ❧❛ t✉r❜✉❧❡♥❝❡ r❡♥tr❡ ❡♥ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝ ❧✬❡✛❡t ❣✐r❛t♦✐r❡✱ ✐♥❞✉✐t ♣❛r ❧❡ ❝❤❛♠♣ ♠♦②❡♥✳
❆✈❡❝ ✉♥ ❜♦♥ ♥✐✈❡❛✉ ❞❡ st❛t✐st✐q✉❡ ❡t ✉♥❡ ♣ré❝✐s✐♦♥ ❞✉ ❝❛❧❝✉❧ s✉✣s❛♥t❡✱ ✐❧ ❡st ❞♦♥❝ ❧♦❣✐q✉❡
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❋✐❣✳ ✸✳✸✿ ▼ê♠❡ q✉❡ ❧❛ ✜❣✉r❡ ✸✳✷ ♠❛✐s ♣♦✉r ❧❡ ❝♦❡✣❝✐❡♥t tr❛♥s✈❡rs❡ D⊥✳
❞❡ s✬❛tt❡♥❞r❡ à ✉♥ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬❛♥✐s♦tr♦♣✐❡ D⊥/D‖ 6= 1✳ ❈❡♣❡♥❞❛♥t✱ ❝♦♠♠❡ ❧✬♦♥t
♠♦♥tré ♣❛r ❧❡ ♣❛ssé ♣❧✉s✐❡✉rs tr❛✈❛✉① ❬✷✱ ✸❪ ❧❛ ❞✐✛✉s✐♦♥ tr❛♥s✈❡rs❡ s❡ ♣rêt❡ ❞✐✣❝✐❧❡♠❡♥t
à ✉♥❡ t❤é♦r✐❡ ❛♥❛❧②t✐q✉❡ s✐♠♣❧❡ ❛✈❡❝ ♣❧✉s✐❡✉rs ❝♦♠♣♦rt❡♠❡♥ts ♣♦ss✐❜❧❡s ✭❜❧♦❝❛❣❡ ❞❛♥s ❧❡
t✉❜❡ ❞✉ ✢✉①✱ s✉❜❞✐✛✉s✐♦♥✱ ❞✐✛✉s✐♦♥✱ s✉♣❡r❞✐✛✉s✐♦♥✮✳
❉❛♥s ♥♦tr❡ ❝❛s✱ ❧❛ ❣r❛♥❞❡✉r ❞✉ r❛♣♣♦rt δB2/B20 ❡t ❣r❛♥❞❡ r✐❣✐❞✐té ♣❡r♠❡tt❡♥t ❞✬❡♥✲
✈✐s❛❣❡r ✉♥ ❢♦r♠❛❧✐s♠❡ s✐♠♣❧❡ ♠❛✐s ✉♥ ❝♦♠♣♦rt❡♠❡♥t ✐♥❛tt❡♥❞✉ r❡st❡ ♣♦ss✐❜❧❡✳ P♦✉r ❞✐s✲
❝r✐♠✐♥❡r ❡♥tr❡ ❝❡s ♣r♦❝❡ss✉s ❧❛ s✐♠✉❧❛t✐♦♥ ♥✉♠ér✐q✉❡ ♣❡r♠❡t ❞✬② ✈♦✐r ♣❧✉s ❝❧❛✐r✱ tr❛♥❝❤❡r
❡♥tr❡ ❝❡s ❝♦♠♣♦rt❡♠❡♥ts ❡t ❞♦♥♥❡r ✉♥ ❜♦♥ ✐♥❞✐❝❡ ❞❡ ❧❛ ❞é♠❛r❝❤❡ à s✉✐✈r❡✱ ❞❛♥s ✉♥ ❝❛s
♣❤②s✐q✉❡ ❝♦♥❝r❡t✳
❉❛♥s ❧❛ ✜❣✉r❡ ✸✳✸ ❧❡s ✈❛❧❡✉rs ❞❡ D⊥ s♦♥t ❛✣❝❤é❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ρ′ ♣♦✉r ❝❤❛q✉❡ ❞❡❣ré
❞❡ t✉r❜✉❧❡♥❝❡✳ ❖♥ ❝♦♥st❛t❡ q✉❡ ❧❡ ❝♦❡✣❝✐❡♥t é✈♦❧✉❡ ❡♥ ρ′2 ❛✉ ❞é❜✉t ❡t s❛t✉r❡ q✉❛♥❞
ρ′ ≃ δB/B0✳ ▲❡s ♣❛❧✐❡rs ❞❡ s❛t✉r❛t✐♦♥ s♦♥t ♣r♦♣♦rt✐♦♥♥❡❧s à ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡
❡t ♦♥ tr♦✉✈❡ D⊥,sat ≃ 0.1c(Lmax/2π)δB/B0✳ ❈❡tt❡ s❛t✉r❛t✐♦♥ ♥✬❡st ♣❛s ✐♥t✉✐t✐✈❡ ❡♥ ✈✉❡
❞✉ très ❣r❛♥❞ r❛♣♣♦rt δB2/B20 ♠❛✐s tr♦✉✈❡ ✉♥❡ ❡①♣❧✐❝❛t✐♦♥ ♥❛t✉r❡❧❧❡ ❞❛♥s ❧❛ ❢❛✐❜❧❡ss❡ ❞❡
❞✐✛✉s✐♦♥ ♣❛r ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ q✉❛♥❞ ❧❛ r✐❣✐❞✐té ❡st ❛ss❡③ ❣r❛♥❞❡✱ ❝♦♠♠❡ ♦♥ ❧❡ ✈❡rr❛
✺✵ ✸✳✷✳ ➱❚❯❉❊ ◆❯▼➱❘■◗❯❊
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∝ρ’-2
❋✐❣✳ ✸✳✹✿ ❘❛♣♣♦rts ❞✬❛♥✐s♦tr♦♣✐❡ D⊥/D‖ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ r✐❣✐❞✐té ρ′ ♣♦✉r δB2/B20 ∈
[1, 9999]✳ ▲❛ ❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧é s❡rt ❞❡ ❣✉✐❞❡ ♣♦✉r ρ′−2 s❝❛❧✐♥❣✳
❞❛♥s ❧❛ ♣❛rt✐❡ t❤é♦r✐q✉❡✳
■❧ ❡st ❛✉ss✐ ❝♦♠♠♦❞❡ ❞✬❛✣❝❤❡r ❧❡ r❛♣♣♦rt ❞✬❛♥✐s♦tr♦♣✐❡ D⊥/D‖ ❝♦♠♠❡ ❞❛♥s ❧❛ ❋✐❣✉r❡
✸✳✹✱ ❝❛r ❝❡ ♣❛r❛♠ètr❡ ❡st ✐♠♣♦rt❛♥t ♣♦✉r ❧✬❡✣❝❛❝✐té ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❛✉ ❝❤♦❝✳
❈❡tt❡ ✜❣✉r❡ ♣❡r♠❡t ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❛ ♣❡rt❡ ❞✬❡✣❝❛❝✐té ❞✉ tr❛♥s♣♦rt à tr❛✈❡rs ❧❡
❝❤❛♠♣ ♠♦②❡♥ à ♣❛rt✐r ❞✬✉♥❡ ❝❡rt❛✐♥❡ r✐❣✐❞✐té ✭q✉❛♥❞ ❝❡ r❛♣♣♦rt ❞❡✈✐❡♥t s❡♥s✐❜❧❡♠❡♥t
♣❧✉s ♣❡t✐t q✉❡ ❧✬✉♥✐té✮✳ P❛r ❡①❡♠♣❧❡ ♣♦✉r δB2/B20 = 10
4 ♦♥ ♦❜t✐❡♥t D⊥/D‖ = 0.1 à
ρ′ = 100✳ ❆ ❝❡tt❡ ♠ê♠❡ r✐❣✐❞✐té ♠❛✐s ♣♦✉r δB2/B20 = 1 ♦♥ ❛ D⊥/D‖ = 10
−5✱ ❝✬❡st✲à✲❞✐r❡
✉♥ tr❛♥s♣♦rt tr❛♥s✈❡rs❡ ♣r❛t✐q✉❡♠❡♥t ♥é❣❧✐❣❡❛❜❧❡✳✳✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❡st✐♠❛t✐♦♥ ✐♠♣❧✐q✉❡✱
♣❛r ❡①❡♠♣❧❡✱ ❧✬✐♥✢✉❡♥❝❡ ❡①trê♠❡♠❡♥t ❢❛✐❜❧❡ ❞✬✉♥❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♣❧❛s♠❛ ❞❛♥s ❧✬❡♥✈✐✲
r♦♥♥❡♠❡♥t s♦❧❛✐r❡ s✉r ❧❡ tr❛♥s♣♦rt tr❛♥s✈❡rs❡ ❞❡ r❛②♦♥s ❝♦s♠✐q✉❡s ❞❡ ❤❛✉t❡ é♥❡r❣✐❡✳ ❉❛♥s
❝❡ ❝❛s✱ ❝❡ rô❧❡ ❞♦✐t êtr❡ r❡♠♣❧✐ ♣❛r ✉♥❡ ♠❛❝r♦✲t✉r❜✉❧❡♥❝❡ ✭❞✐st♦rs✐♦♥ ❞❡s ❧✐❣♥❡s ❞✉ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ✐♥t❡r♣❧❛♥ét❛✐r❡✮✳
▲✬❡✛❡t ❞✬✉♥❡ t❡❧❧❡ ❛♥✐s♦tr♦♣✐❡ ♣r❡♥❞ t♦✉t s♦♥ s❡♥s q✉❛♥❞ ♦♥ ❝♦♥s✐❞èr❡ ❧❡ tr❛♥s♣♦rt
❞❡ ♣❛rt✐❝✉❧❡s é♥❡r❣ét✐q✉❡s ❞❛♥s ✉♥ ♣❧❛s♠❛ ❢❛✐❜❧❡♠❡♥t ♠❛❣♥ét✐sé✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ❝❤♦❝s
❈❍❆P■❚❘❊ ✸✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆❱❆▲ ❉❯ ❈❍❖❈ ✺✶
r❡❧❛t✐✈✐st❡s ❝❡❝✐ ✐♠♣❧✐q✉❡ ✉♥❡ ❧✐♠✐t❛t✐♦♥ ❞✉ ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥ ♣❛r ❧✬✐♥❡✣❝❛❝✐té à
❞✐✛✉s❡r ❡♥ ❞✐r❡❝t✐♦♥ tr❛♥s✈❡rs❡ ✭✐✳❡✳ é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❜✐❡♥ ❞é✜♥✐❡✮✳
✸✳✸ ❚❤é♦r✐❡
❆ ❧❛ ❧✉♠✐èr❡ ❞❡s rés✉❧t❛ts ♥✉♠ér✐q✉❡s ♣ré❝é❞❡♥ts ✉♥❡ t❤é♦r✐❡ ❡①❛❝t❡ ❡st ♣r♦♣♦sé❡ ❡♥ s❡
❜❛s❛♥t s✉r ❧❡ ❢♦r♠❛❧✐s♠❡ ❞❡ ❧❛ t❤é♦r✐❡ ❞❡s ●r♦✉♣❡s✳ ❉✬❛✉tr❡ ♣❛rt✱ ♣❧✉s ❧♦✐♥✱ ❥❡ ♣rés❡♥t❡ ✉♥❡
❞ér✐✈❛t✐♦♥ ❛❧t❡r♥❛t✐✈❡✱ ❜❛sé❡ s✉r ❞❡s ❤②♣♦t❤ès❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s q✉✐ ♣❡r♠❡t ❞❡ r❡tr♦✉✈❡r
❝❡ ♠ê♠❡ rés✉❧t❛t✳
✸✳✸✳✶ ❆♣♣r♦❝❤❡ ♣❛r ❧❛ t❤é♦r✐❡ ❞❡s ❣r♦✉♣❡s ❞❡ r♦t❛t✐♦♥ ❛❧é❛t♦✐r❡s
▲♦rsq✉❡ ρ ≫ 1✱ ❧❡ ✈❡❝t❡✉r ✈✐t❡ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ♥❡ ❝❤❛♥❣❡ q✉❡ ❞✬✉♥ ❛♥❣❧❡ 1/ρ à
❝❤❛q✉❡ t❡♠♣s ❞❡ ❝♦❤ér❡♥❝❡✳ ▲❡ t❡♠♣s ❞❡ ❝♦❤ér❡♥❝❡ ❡st ❞♦♥❝ ✭❜❡❛✉❝♦✉♣✮ ♣❧✉s ❝♦✉rt q✉❡
❧❡ t❡♠♣s ❞❡ ❞✐✛✉s✐♦♥✳ ◆♦✉s ♣r♦♣♦s♦♥s ❞♦♥❝ ❞❡ ❞ér✐✈❡r ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ♣❛r❛❧❧è❧❡
❡t tr❛♥s✈❡rs❡ ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ▼❛r❦♦✈✐❡♥♥❡ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡s ♣❛rt✐❝✉❧❡s✳
❯♥❡ ♠♦❞✐✜❝❛t✐♦♥ ✐♠♣♦rt❛♥t❡ ❞✉ ✈❡❝t❡✉r ✈✐t❡ss❡ ♥✬❛ ❧✐❡✉ q✉✬❛♣rès ✉♥ t❡♠♣s ❧♦♥❣ ❡♥
❝♦♠♣❛r❛✐s♦♥ ❛✉ t❡♠♣s ❞❡ ❝♦❤ér❡♥❝❡✳
❘éé❝r✐✈♦♥s ❧✬éq✉❛t✐♦♥ ❞❡ ♠♦✉✈❡♠❡♥t ❬✸✳✷❪ ❞❡ ❧❛ ♠❛♥✐èr❡ s✉✐✈❛♥t❡ ✿
d
dt
v =
[
Ωˆ0 + δΩˆ(t)
]
· v . ✭✸✳✻✮
❖ù Ωˆ0 ❡t δΩˆ(t) s♦♥t ❞❡s ♦♣ér❛t❡✉rs ❞❡ r♦t❛t✐♦♥ ❞é✈❡❧♦♣♣és ❝♦♠♠❡ ❝♦♠❜✐♥❛✐s♦♥ ❧✐♥é❛✐r❡
❞❡s ❣é♥ér❛t❡✉rs ❞❡ ❧✬❛❧❣è❜r❡ ❞❡ ▲✐❡✱ Lˆ1✱ Lˆ2✱ Lˆ3
Lˆ1 :=

0 0 00 0 −1
0 1 0

 , Lˆ2 :=

 0 0 10 0 0
−1 0 0

 , Lˆ3 :=

0 −1 01 0 0
0 0 0

 . ✭✸✳✼✮
❖♥ ♣❡✉t é❝r✐r❡ ❝❡s ♦♣ér❛t❡✉rs ❝♦♠♠❡ s✉✐t ✿ Ωˆ0 = Ω0Bi0Lˆi/B0✱ ❛✈❡❝ B
i
0 ét❛♥t i✲è♠❡
❝♦♠♣♦s❛♥t❡ ❞❡ B0 ❡t Ω0 ≡ c/rL,0 ♣✉❧s❛t✐♦♥ ❞❡ ▲❛r♠♦r ❞❛♥s ❧❡ ❝❤❛♠♣ ♠♦②❡♥✳ ❆✈❡❝ ❝❡s
♥♦t❛t✐♦♥s ♦♥ ❛ Ωˆ0 · v = Ω0v × B0/B0✳ ▲✬♦♣ér❛t❡✉r δΩˆ(t) ❡st ❞é❝♦♠♣♦sé ❞❡ ❧❛ ♠ê♠❡
♠❛♥✐èr❡ q✉❡ ❧❡s ❣é♥ér❛t❡✉rs ❞✉ ❣r♦✉♣❡ ❞❡s r♦t❛t✐♦♥ ❡t δΩ ≡ c/rL✱ ♦ù rL ❡st ♠❛✐♥t❡♥❛♥t
♠❡s✉ré ♣❛r r❛♣♣♦rt à δB✳
P♦✉r rés♦✉❞r❡ ❧✬éq✉❛t✐♦♥ ❞❡ ♠♦✉✈❡♠❡♥t ♦♥ ❧❛ réé❝r✐t ❡♥ ❢♦♥❝t✐♦♥ ❞✬✉♥❡ ❛✉tr❡ ✈❛r✐❛❜❧❡
u ✿
v(t) ≡ Rˆ0(t) · u(t), ✭✸✳✽✮
✺✷ ✸✳✸✳ ❚❍➱❖❘■❊
♦ù
Rˆ0(t) ≡ exp
(
tΩˆ0
)
. ✭✸✳✾✮
❖♥ ❞é✜♥✐t ❛❧♦rs
ˆ˜Ω(t) ≡ Rˆ0(t)−1 · δΩˆ(t) · Rˆ0(t) , ✭✸✳✶✵✮
❡t ❧✬éq✉❛t✐♦♥ ♣♦✉r u(t) ❞❡✈✐❡♥t
d
dt
u = ˆ˜Ω(t) · u . ✭✸✳✶✶✮
▲❛ s♦❧✉t✐♦♥ ❞❡ ❝❡❧❧❡✲❝✐ ❡st ✐♠♠é❞✐❛t❡ ✿
u(t) = T exp
[∫ t
0
ˆ˜Ω(t′) dt′
]
· u(0) . ✭✸✳✶✷✮
▲❛ s✉✐t❡ ❞❡ ❧❛ ❞é✈✐❛t✐♦♥ ❡st ❛ss❡③ t❡❝❤♥✐q✉❡ ❡t ❧♦♥❣✉❡ ❀ ♥♦✉s ♥♦✉s r❛♣♣♦rt♦♥s à ❧✬❛♥♥❡①❡
❆ ♣♦✉r ❧❛ ❞é♠♦♥str❛t✐♦♥ ❝♦♠♣❧èt❡✳ ❘❡♣r♦❞✉✐s♦♥s ✐❝✐ ❧❡ rés✉❧t❛t ♣♦✉r ❧❡s ❢♦♥❝t✐♦♥s ❞❡
❝♦rré❧❛t✐♦♥ ❡♥ ✈✐t❡ss❡s ✿
〈v‖(0)v‖(t)〉 = exp
[
−tτc
(
〈δΩ2〉 − 〈δΩ2‖〉
)]
〈v‖(0)2〉. ✭✸✳✶✸✮
❊t ❡♥ ❞✐r❡❝t✐♦♥ tr❛♥s✈❡rs❡
〈v⊥(0) · v⊥(t)〉 = exp
[
−tτc
(
〈δΩ2〉 − 1
2
〈δΩ2⊥〉
)]
× cos (Ω0t) 〈v⊥(0)2〉 . ✭✸✳✶✹✮
▲❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ♣❛r❛❧❧è❧❡ D‖ ❡t tr❛♥s✈❡rs❡ D⊥ s♦♥t ♦❜t❡♥✉s ❞✐r❡❝t❡♠❡♥t
à ♣❛rt✐r ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❝♦rré❧❛t✐♦♥ ❡♥ ♠♦②❡♥♥❛♥t s✉r ❧❡s ✈✐t❡ss❡s ✐♥✐t✐❛❧❡s ✿
D‖ =
∫ +∞
0
dt 〈v‖(0)v‖(t)〉 ,
D⊥ =
1
2
∫ +∞
0
dt 〈v⊥(0) · v⊥(t)〉 . ✭✸✳✶✺✮
❯t✐❧✐s❛♥t ❊qs✳ ✭✸✳✶✸✮ ❛♥❞ ✭✸✳✶✹✮✱ ❝❡❧❛ ♠è♥❡ à
D‖ =
1
3
c2
νs
,
D⊥ =
1
3
c2
ν⊥
ν2⊥ +Ω
2
0
, ✭✸✳✶✻✮
❈❍❆P■❚❘❊ ✸✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆❱❆▲ ❉❯ ❈❍❖❈ ✺✸
♦ù
νs = τc
(
〈δΩ2〉 − 〈δΩ2‖〉
)
,
ν⊥ = τc
(
〈δΩ2〉 − 1
2
〈δΩ2⊥〉
)
. ✭✸✳✶✼✮
❈❡tt❡ ❡①♣r❡ss✐♦♥ ❞❡ D⊥ ❡st ❢♦r♠❡❧❧❡♠❡♥t s✐♠✐❧❛✐r❡ ❛✉① rés✉❧t❛ts ❞❡ ❧❛ t❤é♦r✐❡ ❝❧❛ss✐q✉❡
❞❡ ❞✐✛✉s✐♦♥✱ ♥é❛♥♠♦✐♥s ✐❝✐ ✐❧s s♦♥t ♦❜t❡♥✉s ❞❛♥s ❧❡ ❝❛❞r❡ ♣❤②s✐q✉❡ ❞✐✛ér❡♥t ✭✐✳❡✳ ♦♥ ❡st
❞❛♥s ❧❡ ré❣✐♠❡ ❞❡ t✉r❜✉❧❡♥❝❡ très ❢♦rt❡✮✳
P♦✉r ✉♥❡ t✉r❜✉❧❡♥❝❡ ✸❉ ✐s♦tr♦♣❡ ♦♥ ❛ 〈δΩ2⊥〉 = 2〈δΩ2‖〉 = 23〈δΩ2〉✱ ❞❡ s♦rt❡ q✉❡
ν⊥ = νs =
2
3
〈δΩ2〉τc = 2
3
η
ρ2
c
ℓc
. ✭✸✳✶✽✮
◆♦✉s ♦❜t❡♥♦♥s ❞♦♥❝ ♣♦✉r ❧❡ ❝♦❡✣❝✐❡♥t tr❛♥s✈❡rs❡ ❧❡s ❞❡✉① ❧✐♠✐t❡s s✉✐✈❛♥t❡s ✿
D⊥ ≃ D‖ ≃
1
2
cℓcρ
2/η (1≪ ρ≪ B¯/B0) ,
D⊥ ≃ 2
9
cℓc
B¯2
B20
(B¯/B0 ≪ ρ) . ✭✸✳✶✾✮
▲❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ré❣✐♠❡s s❡ ♣r♦❞✉✐t q✉❛♥❞ ρ ∼ B¯/B0 ≃ η1/2(1 − η)−1/2✱
❝♦rr❡s♣♦♥❞❛♥t à νs ∼ Ω0✳ ❆✉① r✐❣✐❞✐tés ♣❧✉s ❣r❛♥❞❡s✱ ❧❡ ❝♦❡✣❝✐❡♥t tr❛♥s✈❡rs❡ r❡st❡
❝♦♥st❛♥t ❛❧♦rs q✉✬❡♥ ❞✐r❡❝t✐♦♥ ♣❛r❛❧❧è❧❡ ✐❧ ❝♦♥t✐♥✉❡ à ❣r✐♠♣❡r ❝♦♠♠❡ ρ2✳
✸✳✸✳✷ ❈♦♠♣❛r❛✐s♦♥ ❞❡s rés✉❧t❛ts
❉❛♥s ❧❛ ❋✐❣✳ ✸✳✺ ♥♦✉s ❝♦♠♣❛r♦♥s ♥♦tr❡ rés✉❧t❛t t❤é♦r✐q✉❡ ❛✈❡❝ ❧❡s s✐♠✉❧❛t✐♦♥s✱ ❞❛♥s
❧❡ ❝❛s δB2/B20 = 99✳ ❖♥ ❝♦♠♣❛r❡ ❛✉ss✐ ❛✉ rés✉❧t❛t ❞❡ ❧❛ t❤é♦r✐❡ ❝❡♥tr❡✲❣✉✐❞❡ ♥♦♥✲❧✐♥é❛✐r❡
❬✶✵❪✱ ♣r♦♣♦sé❡ ♣♦✉r ❧❡ ❝❛s δB2/B20 ≫ 1✳ ▲✬❛❝❝♦r❞ ❡st ❜♦♥ ❛✈❡❝ ♥♦tr❡ ❞ér✐✈❛t✐♦♥ t❤é♦r✐q✉❡
♠❛✐s ♣❛s ❛✈❡❝ ❬✶✵❪✳ ❊♥ ❢❛✐s❛♥t ❧❛ ❝♦♠♣❛r❛✐s♦♥ ♣♦✉r t♦✉s ❧❡s ❞❡❣rés ❞❡ t✉r❜✉❧❡♥❝❡ ✉♥ ❜♦♥
❛❝❝♦r❞ ❡st t♦✉❥♦✉rs tr♦✉✈é ❛✈❡❝ ♥♦tr❡ t❤é♦r✐❡✱ ♠❛✐s ❥❛♠❛✐s ❛✈❡❝ ❝❡❧❧❡ ❞❡ ❙❤❛❧❝❤✐ ✫ ❉♦s❝❤✳
❈❡❝✐ ♣❡✉t s✬❡①♣❧✐q✉❡r ♣❛r ❧❡ ❢❛✐t q✉❡ ❧❡s ❛✉t❡✉rs ❞❡ ❝❡ tr❛✈❛✐❧ s✉♣♣♦s❡♥t q✉❡ ❧❛ ♣❛rt✐❝✉❧❡
❡st ❛tt❛❝❤é❡ à ✉♥❡ ❧✐❣♥❡ ❞❡ ❝❤❛♠♣ ❛✐♥s✐ q✉✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ rés♦♥♥❛♥t❡✳
✸✳✸✳✸ ❉ér✐✈❛t✐♦♥ ❛❧t❡r♥❛t✐✈❡
Pré❝é❞❡♠♠❡♥t ♥♦✉s ❛✈♦♥s ✈✉ ❝♦♠♠❡♥t é♠❡r❣❡ ❧❛ ❧♦✐ ❞❡ ❞✐✛✉s✐♦♥ tr❛♥s✈❡rs❡ q✉❛s✐✲
❧✐♥é❛✐r❡ à ♣❛rt✐r ❞❡ ❧✬❤②♣♦t❤ès❡ τs ≫ τc✳ ❖♥ ♣❡✉t r❡❢♦r♠✉❧❡r ❝❡tt❡ ❤②♣♦t❤ès❡ ❝♦♠♠❡ ✿ ✏
▲❡s tr❛❥❡❝t♦✐r❡s ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣r❛♥❞❡ r✐❣✐❞✐té ❡♥ ❢♦rt❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ s♦♥t ❞❡s ❤é❧✐❝❡s
ré❣✉❧✐èr❡s ❢❛✐❜❧❡♠❡♥t ♣❡rt✉r❜é❡s ♣❛r ❧❛ ❞✐✛✉s✐♦♥ ❛♥❣✉❧❛✐r❡✑✳ ❆ ♣❛rt✐r ❞❡ ❧à ♦♥ ❛♣♣❧✐q✉❡ ❧❡
✺✹ ✸✳✸✳ ❚❍➱❖❘■❊
1 10 100 1000
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1e-05
0,0001
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Casse et al. 2002 (Fig. 6)
Present theory, best fitted D||
Present theory, theoretical D||
Shalchi&Dosch 09 eq.(15)
δB2 / B0
2
 = 99
❋✐❣✳ ✸✳✺✿ ❘❛♣♣♦rt ❞✬❛♥✐s♦tr♦♣✐❡ D⊥/D‖ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ρ′ ♣♦✉r η = 0.99✳ ❉✐❛♠❛♥ts ✿
s✐♠✉❧❛t✐♦♥s ❞❡ ❧❛ ♣rés❡♥t❡ ét✉❞❡✳ ❊t♦✐❧❡s ✿ rés✉❧t❛ts ❬✸❪✳ ▲✐❣♥❡ ♣❧❡✐♥❡ ❡t ♣♦✐♥t✐❧❧é ✿ ♣ré❞✐❝t✐♦♥
t❤é♦r✐q✉❡ ❞❡ ♥♦tr❡ ét✉❞❡✳ ▲✐❣♥❡ ♣♦✐♥t✲♣♦✐♥t✐❧❧é❡ ✿ ♣ré❞✐❝t✐♦♥ ❛♥❛❧②t✐q✉❡ ❞❡ ❙❤❛❧❝❤✐ ✫
❉♦s❝❤ ❬✶✵❪✱ ❞❡ ❧❡✉r ❊q✳ ✭✶✺✮✳
r❛✐s♦♥♥❡♠❡♥t q✉❛s✐✲❧✐♥é❛✐r❡✱ ❡♥ ❞é♣✐t ❞❡ δB2 ≫ B20 ✳ ❘❛♣♣❡❧♦♥s q✉❡ ❧❡s t❤é♦r✐❡s ❝❧❛ss✐q✉❡
❡t q✉❛s✐✲❧✐♥é❛✐r❡ ♥❡ s✬❛♣♣❧✐q✉❡♥t q✉❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ t✉r❜✉❧❡♥❝❡ ❢❛✐❜❧❡ ✭♠❛✐s à ❣r❛♥❞❡
é❝❤❡❧❧❡✱ ✐✳❡✳ r¯L ≪ ℓc✮✳ ▲❡s ét❛♣❡s ❞✉ ❝❛❧❝✉❧ s♦♥t ❧❡s s✉✐✈❛♥t❡s ❬✶✱ ✸❪ ✿
✕ ❖♥ ❝♦♥s✐❞èr❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❝♦rré❧❛t✐♦♥ ❡♥ ❝♦s✐♥✉s ❞❡s ❛♥❣❧❡s ❞✬❛tt❛q✉❡ ♣❛r r❛♣♣♦rt
❛✉ ❝❤❛♠♣ ♠♦②❡♥ C(τ) = 〈µ(τ)µ(0)〉/µ(0)2 ∝ e−νsτ ✳ ▲❛ ♠♦②❡♥♥❡ ❡st ♣r✐s❡ s✉r ❧❛
❞✐str✐❜✉t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✳
✕ ▲✬✐♥té❣r❛t✐♦♥ ❞❡ ❝❡tt❡ ❢♦♥❝t✐♦♥ ❞❡ ✵ à ❧✬✐♥✜♥✐ ♥♦✉s ❞♦♥♥❡ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥
♣❛r❛❧❧è❧❡ ✿ D‖ = v
2
3νs
✳
✕ ▲✬❤②♣♦t❤ès❡ ❞✬❤é❧✐❝❡s ❢❛✐❜❧❡♠❡♥t ♣❡rt✉r❜é❡s ✐♠♣❧✐q✉❡ q✉❡ ❧❡ ❝♦❡✣❝✐❡♥t tr❛♥s✈❡rs❡
❡st ❝❛❧❝✉❧é ♣❛r ✐♥té❣r❛t✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ f(τ) = C(τ) cos(ωL,0τ)✳ ❈❡ q✉✐ ❞♦♥♥❡
D⊥ =
c2
3
∫ ∞
0
f(τ)dτ =
v2
3
νs
ν2s + ω
2
L,0
✭✸✳✷✵✮
✕ ■❧ ♥❡ r❡st❡ q✉✬à tr♦✉✈❡r ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❛♥❣✉❧❛✐r❡ à ❧✬❛✐❞❡ ❞❡s ❛r❣✉♠❡♥ts
❞✐s❝✉tés ❛✉ ❞é❜✉t ❞✉ ❝❤❛♣✐tr❡✳
❈❍❆P■❚❘❊ ✸✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆❱❆▲ ❉❯ ❈❍❖❈ ✺✺
❋✐♥❛❧❡♠❡♥t✱ ♥♦t♦♥s q✉✬♦♥ r❡❝♦✉✈r❡ ✉♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ t❤é♦r✐❡ ♥♦♥✲❧✐♥é❛✐r❡ ❞❡ ❙❤❛❧❝❤✐
✫ ❉♦s❝❤ ❬✶✵❪ s✐ ♦♥ ❛❞♠❡t q✉❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡s ♣❛rt✐❝✉❧❡s ♥✬❡st ✐♥✢✉❡♥❝é❡ q✉❡ ♣❛r ✉♥❡
s❡✉❧❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ✏❡✛❡❝t✐✈❡✑ ✿ ℓc ❡t ❧❡ ❝❤❛♠♣ t✉r❜✉❧❡♥t✱ r❡ss❡♥t✐ ♣❛r
❧❛ ♣❛rt✐❝✉❧❡✱ ❡st ❝♦♥st❛♥t s✉r ❧❡s t❡♠♣s ♣❧✉s ❧♦♥❣s q✉❡ ℓc/c✳
✸✳✹ ❆♣♣❧✐❝❛t✐♦♥s
✸✳✹✳✶ ❆✈❛❧ ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡
▲♦rsq✉❡ γsh ≫ 1 ❧❡ ❝❤❛♠♣ ♠♦②❡♥ ❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝ ❡st t♦✉❥♦✉rs q✉❛s✐✲♣❡r♣❡♥❞✐❝✉❧❛✐r❡
à ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝✱ ♣❛r ❡✛❡t ❞❡ ❝♦♠♣r❡ss✐♦♥ ❡t tr❛♥s❢♦r♠❛t✐♦♥ ❞❡ ▲♦r❡♥t③✳ ❊♥ ❡✛❡t✱
✐❧ s✉✣t q✉❡ ❧❡ ❝❤❛♠♣ ❞✉ ♠✐❧✐❡✉ ♣ré✲❝❤♦❝ s♦✐t ✐♥❝❧✐♥é ❞❡ ♣❧✉s ❞✬✉♥ ❛♥❣❧❡ 1/γsh ♣♦✉r q✉❡
❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ s♦✐t q✉❛s✐✲♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ♣♦st✲❝❤♦❝✳ ❉❡ ♣❧✉s✱ ❧❡
❝❤♦❝ s✬é❧♦✐❣♥❡ à ✉♥❡ ✈✐t❡ss❡ c/3 q✉❛♥❞ ♦♥ s❡ ♣❧❛❝❡ ❞❛♥s ❧❡ r❡♣èr❡ ❝♦✲♠♦❜✐❧❡ ❞✉ ♠✐❧✐❡✉
❝❤♦q✉é✱ ❝❡ q✉✐ r❡♥❞ ❧❡s r❡t♦✉rs ❞❡ ♣❛rt✐❝✉❧❡s ❞✐✣❝✐❧❡s ❬✶✶❪✳ ❉❛♥s ❧❡s ét✉❞❡s ❞❡ tr❛♥s♣♦rt
❡t ❞✬❛❝❝é❧ér❛t✐♦♥ ❛✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ❛♥tér✐❡✉r❡s ❬✶✷✱ ✶✸✱ ✶✶❪ ✐❧ ❛ été ♥♦té q✉❡ ❧❡ ♣r♦❝❡ss✉s
❞❡ ❋❡r♠✐ ♥❡ ♣❡✉t ❢♦♥❝t✐♦♥♥❡r ♣❧✉s ❞✬✉♥ ❝②❝❧❡ ❡t ❞❡♠✐ q✉❛♥❞ ❧❛ t✉r❜✉❧❡♥❝❡ ❡st ❛❜s❡♥t❡ ♦✉
❡st à ❣r❛♥❞❡ é❝❤❡❧❧❡✳ ❈❡t ❡✛❡t s❡ ♠❛♥✐❢❡st❡ ❝♦♠♠❡ ✉♥ ✈❡rr♦✉✐❧❧❛❣❡ ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❤❛s❡s✱
❡①♣❧♦r❛❜❧❡ ♣❛r ❧❡s ♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s ❬✶✷❪✳ ❈❡s tr❛✈❛✉① ❛✈❛✐❡♥t s♦✉❧✐❣♥é ❧❛ ♥é❝❡ss✐té
❞✬✉♥❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s❡ ♣♦✉r r❡♥❞r❡ ❧❡ ♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐ ♦♣ér❛t✐♦♥♥❡❧✳ ■❝✐ ♥♦✉s
❞✐s❝✉t♦♥s ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❡t ❧❡s ❧✐♠✐t❡s ❞✉ ♠é❝❛♥✐s♠❡✳
▲❛ r✐❣✐❞✐té ❞❡s ♣❛rt✐❝✉❧❡s ✏t❤❡r♠✐q✉❡s✑ à ♣❛rt✐r ❞❡ ❧❛q✉❡❧❧❡ ❧❛ q✉❡✉❡ s✉♣r❛t❤❡r♠✐q✉❡
s❡ ❞é✈❡❧♦♣♣❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ❧✬✉♥✐té✱ s✐ ❧❡✉r é♥❡r❣✐❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ γshmpc2 ❡t ❧❛
t✉r❜✉❧❡♥❝❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❡st ❡♥ s✉❜✲éq✉✐♣❛rt✐t✐♦♥ ξB ∼ 0.01✳ ❚♦✉t❡s ❧❡s ♣❛rt✐❝✉❧❡s
s✉♣r❛t❤❡r♠✐q✉❡s s❡r♦♥t ❛❧♦rs ❡♥ ré❣✐♠❡ ρ > 1 ❡t ❧❛ ♣rés❡♥t❡ t❤é♦r✐❡ ❞♦✐t s✬❛♣♣❧✐q✉❡r✳
❚❡♠♣s ❞❡ r❡t♦✉r
❈✬❡st ❞♦♥❝ ❧❛ ❞✐✛✉s✐♦♥ tr❛♥s✈❡rs❡ s✉r ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ q✉✐ ❣♦✉✈❡r♥❡ ❧❡s r❡t♦✉rs
❞❡ ❧✬❛✉tr❡ ❝ôté ❞✉ ❝❤♦❝✳ ▲❡ t❡♠♣s ❞❡ r❡t♦✉r st❛t✐st✐q✉❡ s✬♦❜t✐❡♥t ❡♥ é❣❛❧✐s❛♥t Vshtret =√
2D⊥tret✳ ❈❡ q✉✐ ❞♦♥♥❡ tret = 18D⊥/c2✳ ❖♥ ♣❡✉t r❡♠❛rq✉❡r✱ q✉✬❛ ♣❛rt✐r ❞✬✉♥❡ ❝❡rt❛✐♥❡
é♥❡r❣✐❡ ❝❡ t❡♠♣s r❡st❡ ❝♦♥st❛♥t ❝❛r D⊥ s❛t✉r❡✱ ❢❛✐s❛♥t ♣❡♥s❡r q✉❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❡♥ s❡r❛
❢❛✈♦r✐sé❡✳ ◆é❛♥♠♦✐♥s✱ ♥♦✉s ♥✬❛✈♦♥s ♣❛s t❡♥✉ ❝♦♠♣t❡ ❞✉ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s s✉s❝❡♣t✐❜❧❡s
❞✬❡✛❡❝t✉❡r ❝❡s r❡t♦✉rs✳ ❆ ❧✬❛♣♣✉✐ ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ❬✶✹❪ ❡t ▼♦♥t❡✲❈❛r❧♦ ♦♥ ✈♦✐t ❝❡
♥♦♠❜r❡ ❝❤✉t❡r ❞r❛st✐q✉❡♠❡♥t ❛ ♣❛rt✐r ❞✬✉♥❡ ❝❡rt❛✐♥❡ é♥❡r❣✐❡✱ ✜①é ♣❛r ❧❡ r❛♣♣♦rt δB/B0✳
❊♥ ♣❧✉s✱ ❧✬❛❞✈❡❝t✐♦♥ ❞✉ ♠✐❧✐❡✉ ❝❤♦q✉é ❡t ✉♥❡ ❞✐✛✉s✐♦♥ tr❛♥s✈❡rs❡ ♠♦✐♥s ❡✣❝❛❝❡ r❡♥❞r♦♥t
❧✬❛❝❝é❧ér❛t✐♦♥ très ✐♥❡✣❝❛❝❡ q✉❛♥❞ D⊥ s❛t✉r❡✳
✺✻ ✸✳✺✳ ❉■❙❈❯❙❙■❖◆
❚❡♠♣s ❞❡ ❞✐✛✉s✐♦♥ ❡t é♥❡r❣✐❡ ♠❛①✐♠❛❧❡
▲❡ t❡♠♣s ❞❡ ❞✐✛✉s✐♦♥ ♣♦✉r ρ < δBrms/B0 ❡st tdiff ∝ ǫ2 ❝❡ q✉✐ ✐♠♣❧✐q✉❡ q✉❡ ❧✬é♥❡r❣✐❡
♠❛①✐♠❛❧❡ ❛✉❣♠❡♥t❡ ❝♦♠♠❡
√
t✳ ▲❛ s❛t✉r❛t✐♦♥ ❡♥ é♥❡r❣✐❡ ❛rr✐✈❡ ❧♦rsq✉❡ ❧❡s ♣❛rt✐❝✉❧❡s ♥❡
♣❡✉✈❡♥t ♣❧✉s r❛ttr❛♣❡r ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝ s♦✉s ❧✬❡✛❡t ❞✬❛❞✈❡❝t✐♦♥ ♣❛r ❧❡ ❝❤❛♠♣ ♠♦②❡♥ ✿
tret > ω
−1
L,0✳ ❈❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥❡ é♥❡r❣✐❡ ǫmax ≃ eB0ℓc δB
2
rms
B20
✳
❉❛♥s ❧❡ ❝❛s ❞✬✉♥ ❝❤♦❝ ❞❡ γsh = 100 s✉r ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ B0 ≃ 3µG✱ σ = 10−9
❡t ✉♥❡ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡ ❞❡ q✉❡❧q✉❡s é❝❤❡❧❧❡s ❞✬✐♥❡rt✐❡ ❞❡s ♣r♦t♦♥s ℓc ≃ 10δi✱ ❡♥ s❡
s❡r✈❛♥t ❞❡ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ξB ♦♥ ❛✉r❛ ♣♦✉r ❧❡s ♣r♦t♦♥s ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❞❡
ǫmax ∼ 1015eV
( γsh
100
)( B0
3µG
)−1( ℓc
10δi
)( σ
10−9
)( ξB
0.01
)
✭✸✳✷✶✮
❈❡❧❛ ✐❧❧✉str❡ ❧✬✐♥❝❛♣❛❝✐té ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❞❛♥s ❧✬■❙▼ à ❛❝❝é❧ér❡r ❧❡s ❘❛②♦♥s ❈♦s✲
♠✐q✉❡s ❛✉① é♥❡r❣✐❡s ❡①trê♠❡s ❞❡ 1020❡❱✳ ❊♥ ❧✬❛❜s❡♥❝❡ ❞❡s s♦✉r❝❡s ❞❡ t✉r❜✉❧❡♥❝❡ ❡①t❡r♥❡
♥♦✉s ♣ré❞✐s♦♥s ❞♦♥❝ q✉✬✉♥ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ♥✬❡st ♣❛s ✉♥ ❣é♥ér❛t❡✉r ❡✣❝❛❝❡ ❞❡s ❯❍❊❈❘❙✳
✸✳✺ ❉✐s❝✉ss✐♦♥
❉✐s❝✉t♦♥s ❧✬✐♠♣❛❝t ❞❡ ♥♦s ❛♣♣r♦①✐♠❛t✐♦♥s s✉r ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❛♥s ❧❡s ❝❤♦❝s r❡❧❛t✐✲
✈✐st❡s✳ ❚♦✉t ❞✬❛❜♦r❞✱ é❝❛rt♦♥s ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❞é❝r✐r❡ ❝♦♠♣❧èt❡♠❡♥t ❧❡ tr❛♥s♣♦rt ❞❛♥s ❧❛
❣❧♦❜❛❧✐té ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞✉ ❝❤♦❝ ❛✈❡❝ ✉♥ ♠♦❞è❧❡ ❛✉ss✐ ✐❞é❛❧✐sé✳ ❉❡s ✐♥t❡r❛❝t✐♦♥s ♥♦♥✲
❧✐♥é❛✐r❡s ❝♦♠♠❡ ❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞✬✐♥st❛❜✐❧✐tés ♣❛r ❞❡s ♣❛rt✐❝✉❧❡s s✉♣r❛✲t❤❡r♠✐q✉❡s ❡t
❧✬❛♠♦rt✐ss❡♠❡♥t ▲❛♥❞❛✉ ♣❡✉✈❡♥t s❡♥s✐❜❧❡♠❡♥t ❝❤❛♥❣❡r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❧♦❝❛❧❡✱
à ♣r♦①✐♠✐té ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✱ ❛✐♥s✐ q✉❡ ❧❛ str✉❝t✉r❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡✳
❊♥ ♣r❡♠✐❡r ❧✐❡✉✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ♣❧❛❝és ❡♥ ❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s✲t❡st✳ ❈❡❝✐
✐♥❤✐❜❡ ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧❛ rétr♦❛❝t✐♦♥ s✉r ❧❛ t✉r❜✉❧❡♥❝❡✳
❉❡✉①✐è♠❡♠❡♥t✱ ♦♥ ❛ ❛❞♦♣té ✉♥❡ t✉r❜✉❧❡♥❝❡ ❤♦♠♦❣è♥❡ ❛❧♦rs q✉✬❡❧❧❡ ❡st ❞é❝r♦✐ss❛♥t❡
q✉❛♥❞ ♦♥ s✬é❧♦✐❣♥❡ ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ ✭❬✻✱ ✶✺❪✮✳ ❆✉tr❡♠❡♥t ❞✐t✱ ❞❛♥s ❧❡
ré❢ér❡♥t✐❡❧ ❝♦✲♠♦❜✐❧❡ ❛✈❛❧ ✭❉❘❋✮✱ ❧❛ t✉r❜✉❧❡♥❝❡ ❡t st❛t✐q✉❡ ❡t s♦♥ ✐♥t❡♥s✐té ❡st ❞é❝r♦✐ss❛♥t❡
❞❛♥s ❧❡ t❡♠♣s ❛❧♦rs q✉❡ s❛ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❡ t❡♠♣s✳ ❙✬✐♥s♣✐r❛♥t ❞❡s
rés✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ❬✻✱ ✶✺❪ ♦♥ ♣❡✉t ♣❛r❛♠étr❡r ❧❛ t✉r❜✉❧❡♥❝❡ ❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝ ♣❛r
r❛♣♣♦rt à ❧❛ ❞✐st❛♥❝❡ ❛✉ ❢r♦♥t ❞❡ ❝❤♦❝ ∆x = x− xsh s✉✐✈❛♥t ❞❡✉① ❧♦✐s ❡♥ ♣✉✐ss❛♥❝❡✳ ❖♥
❛✉r❛ ❞♦♥❝ ♣♦✉r ❧✬é♥❡r❣✐❡ ♠❛❣♥ét✐q✉❡ ✿ ξB = ξB,0(∆x/l0)−α ❡t ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡ ✿
ℓc = ℓc,0(∆x/lc)
β ✱ ❛✈❡❝ l0 ❡st ❧❛ ❞✐st❛♥❝❡ ❝❛r❛❝tér✐st✐q✉❡ ❡t α, β s♦♥t ❞❡✉① ♣❛r❛♠ètr❡s
♣♦s✐t✐❢s✳ ❚❛♥t q✉❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❢♦♥❝t✐♦♥♥❡✱ ♦♥ ♣❡✉t ❡①♣r✐♠❡r ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥
❝♦♠♠❡
D =
( ǫ
eδB
)2 c
3ℓc
∝ 1
ξBℓc
∝ ∆xα−β ✭✸✳✷✷✮
❈❍❆P■❚❘❊ ✸✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆❱❆▲ ❉❯ ❈❍❖❈ ✺✼
❚r♦✐s ❝❛s ❞❡ ✜❣✉r❡ s❡ ♣rés❡♥t❡♥t ❛❧♦rs✱ ❛❞♠❡tt❛♥t q✉✬♦♥ s❛t✐s❢❛✐t t♦✉❥♦✉rs ❧❛ ❝♦♥❞✐t✐♦♥
ρ≫ 1 ✿
✶✳ α = β ✿ ♣❛s ❞❡ ❝❤❛♥❣❡♠❡♥t ♣❛r r❛♣♣♦rt ❛✉① ❧♦✐s ❞❡ ❞✐✛✉s✐♦♥✱ tr♦✉✈é❡s ♣♦✉r δB ❡t
ℓc ❤♦♠♦❣è♥❡s✳
✷✳ α > β ✿ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❡st ❝r♦✐ss❛♥t q✉❛♥❞ ♦♥ s✬é❧♦✐❣♥❡ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✳
❉♦♥❝ ❧❡ ❧✐❜r❡ ♣❛r❝♦✉rs ♠♦②❡♥ s❡r❛ ♣❧✉s ❣r❛♥❞ ❡t ❧❛ ❢réq✉❡♥❝❡ ❞❡ ❞✐✛✉s✐♦♥ ❛♥❣✉❧❛✐r❡
♣❧✉s ♣❡t✐t❡✳ ❉❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s ❧✬❡✛❡t ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ s❡ ❢❡r❛ s❡♥t✐r
♣❧✉t tôt ❡t ❧❛ ❝♦✉♣✉r❡ ❡♥ é♥❡r❣✐❡ à ❧✬❛❝❝é❧ér❛t✐♦♥ s❡r❛ ♣❧✉s ❜❛ss❡✳
✸✳ α < β ✿ ❝❛s ✐♥✈❡rs❡ ♦ù ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❞✐♠✐♥✉❡ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ❛✉ ❝❤♦❝✳
❈❡❧❛ ✐♠♣❧✐q✉❡ q✉❡ ❧❡s ♣❛rt✐❝✉❧❡s ❞❡ ♣❧✉s ❤❛✉t❡ é♥❡r❣✐❡ s❡r♦♥t ❞✐✛✉sé❡s ♣❧✉s ❡✣✲
❝❛❝❡♠❡♥t ✭νs ♣❧✉s ❣r❛♥❞✮ ❡♥ s✬é❧♦✐❣♥❛♥t ❞✉ ❝❤♦❝✳ ❈❡ ❝♦♠♣♦rt❡♠❡♥t s❡♠❜❧❡ ♣❡✉
♣r♦❜❛❜❧❡✳
❯♥❡ ét✉❞❡ ♥✉♠ér✐q✉❡ ❞é❞✐é❡ ❡st t♦✉t ❞❡ ♠ê♠❡ ♥é❝❡ss❛✐r❡ ♣♦✉r ❝♦♥✜r♠❡r ♦✉ ✐♥✜r♠❡r ❝❡tt❡
❞❡s❝r✐♣t✐♦♥✳
❆ ❝❡❝✐ s✬❛❥♦✉t❡ ❧❛ q✉❡st✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s✳ ◆♦✉s ❛✈♦♥s ❛❞♦♣té ✉♥❡ t✉r❜✉✲
❧❡♥❝❡ s♣❛t✐❛❧❡♠❡♥t ✐♥✜♥✐❡ ❝❡ q✉✐ ❞✐✛èr❡ ❞✬✉♥ ❝❛❞r❡ ré❛❧✐st❡ ♦ù ❝❡❧❧❡✲❝✐ ❡st ❝♦♥✜♥é❡ ❞❛♥s
✉♥❡ ré❣✐♦♥ ❛✉t♦✉r ❞✉ ❝❤♦❝ ♦ù ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♥❡ s✉r✈✐t ♣❛s ❧♦♥❣t❡♠♣s s✐ ❡❧❧❡ ♥✬❡st
♣❛s ✉♥ ♠♦❞❡ ♣r♦♣r❡ ❞✉ ♣❧❛s♠❛✳ ❉✉ ♠♦♠❡♥t ♦ù ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❞✐✛✉s✐♦♥ ❡st ♣❧✉s ♣❡t✐t❡
q✉❡ ❝❡tt❡ ③♦♥❡✱ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s r❡st❡♥t ❡♥ ✈✐❣✉❡✉r✳ ▼❛✐s s✐ ♦♥ ❞é♣❛ss❡ ❧❛ t❛✐❧❧❡ ❞❡
❧❛ ③♦♥❡ t✉r❜✉❧❡♥t❡ ❛❧♦rs ✐❧ ❢❛✉t r❡✈♦✐r ❧✬❡st✐♠❛t✐♦♥ ❞✉ t❡♠♣s ❞❡ ❝♦♥✜♥❡♠❡♥t ❡t ❞♦♥❝ ❧❛
✈❛❧❡✉r ❞❡ ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡✳
◆♦✉s ♣♦✉✈♦♥s ❝♦♥❝❧✉r❡ q✉❡ ❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ r❡♣rés❡♥t❡♥t ❝♦rr❡❝t❡♠❡♥t ❧❡
tr❛♥s♣♦rt ❛✉① é❝❤❡❧❧❡s s✉♣ér✐❡✉r❡s à ❧❛ ❧♦♥❣✉❡✉r ♣❧❛s♠❛ ❡t ✐♥❢ér✐❡✉r❡s à ❧❛ t❛✐❧❧❡ ❞❡ ❧❛
③♦♥❡ t✉r❜✉❧❡♥t❡✳
✸✳✻ ❘és✉♠é ❞✉ ❝❤❛♣✐tr❡
❉❛♥s ❝❡ ❝❤❛♣✐tr❡ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉✬❡♥ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡ ❧❛ ❞✐✛✉s✐♦♥
❞❡s ♣❛rt✐❝✉❧❡s ❛ ✉♥ ❝♦❡✣❝✐❡♥t D ∝ ǫ2✳ ❙✐ ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ ❞✬✐♥t❡♥s✐té ❢❛✐❜❧❡
❡st ♣rés❡♥t✱ ❝❡tt❡ ❧♦✐ r❡st❡ ✈❛❧❛❜❧❡ ♣♦✉r ❧❛ ♣r♦♣❛❣❛t✐♦♥ ♣❛r❛❧❧è❧❡✳ ❊♥ ❞✐r❡❝t✐♦♥ ♣❡r♣❡♥❞✐❝✉✲
❧❛✐r❡✱ ❧❡ ❝♦❡✣❝✐❡♥t ♣r❡♥❞ ❧❛ ❢♦r♠❡ s✉✐✈❛♥t❡ ✿ D⊥ = c
2
3
νs
ν2s+ω
2
L,0
✳ ■❧ ❡♥ rés✉❧t❡ ❧❛ s❛t✉r❛t✐♦♥
❞❡ ❝❡ ❝♦❡✣❝✐❡♥t ❧♦rsq✉❡ ❧✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡st s✉♣ér✐❡✉r❡ à ǫmax = e
δB2rms
B0
ℓc✳ ❙✐
❝❡tt❡ t✉r❜✉❧❡♥❝❡ ❡st ❡✛❡❝t✐✈❡♠❡♥t ❞♦♠✐♥❛♥t❡ ❡♥ ❛✈❛❧ ❞✬✉♥ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉
❢❛✐❜❧❡♠❡♥t ♠❛❣♥ét✐sé ❛❧♦rs ❧❡ ♠é❝❛♥✐s♠❡ ❞✬❛❝❝é❧ér❛t✐♦♥ ❞✐✛✉s✐✈❡ ✭❋❡r♠✐ ■✮ ❡st ✐♥❤✐❜é à
♣❛rt✐r ❞❡ ❝❡tt❡ é♥❡r❣✐❡✳
✺✽ ❇■❇▲■❖●❘❆P❍■❊
❇✐❜❧✐♦❣r❛♣❤✐❡
❬✶❪ ❏✳❘✳ ❏♦❦✐♣✐✐✳ ❈♦s♠✐❝✲❘❛② Pr♦♣❛❣❛t✐♦♥✳ ■✳ ❈❤❛r❣❡❞ P❛rt✐❝❧❡s ✐♥ ❛ ❘❛♥❞♦♠ ▼❛❣♥❡t✐❝
❋✐❡❧❞✳ ❆♣❏✱ ✶✹✻ ✿✹✽✵✱ ✶✾✻✻✳
❬✷❪ ❏✳ ●✐❛❝❛❧♦♥❡ ❛♥❞ ❏✳ ❘✳ ❏♦❦✐♣✐✐✳ ❚❤❡ ❚r❛♥s♣♦rt ♦❢ ❈♦s♠✐❝ ❘❛②s ❛❝r♦ss ❛ ❚✉r❜✉❧❡♥t
▼❛❣♥❡t✐❝ ❋✐❡❧❞✳ ❆♣❏✱ ✺✷✵ ✿✷✵✹✕✷✶✹✱ ✶✾✾✾✳
❬✸❪ ❋✳ ❈❛ss❡✱ ▼✳ ▲❡♠♦✐♥❡✱ ❛♥❞ ●✳ P❡❧❧❡t✐❡r✳ ❚r❛♥s♣♦rt ♦❢ ❝♦s♠✐❝ r❛②s ✐♥ ❝❤❛♦t✐❝ ♠❛❣♥❡t✐❝
✜❡❧❞s✳ P❤②s✳ ❘❡✈✳ ❉✱ ✻✺ ✿✵✷✸✵✵✷✱ ✷✵✵✷✳
❬✹❪ ❊✳ P❛r✐③♦t✳ ●❩❑ ❤♦r✐③♦♥ ❛♥❞ ♠❛❣♥❡t✐❝ ✜❡❧❞s✳ ◆✉❝✳ P❤②s✳ ❇✱ ✶✸✻ ✿✶✻✾✱ ✷✵✵✹✳
❬✺❪ ❘✳ ❆❧♦✐s✐♦ ❛♥❞ ❱✳ ❇❡r❡③✐♥s❦②✳ ❉✐✛✉s✐✈❡ Pr♦♣❛❣❛t✐♦♥ ♦❢ ❯❧tr❛✲❍✐❣❤✲❊♥❡r❣② ❈♦s♠✐❝
❘❛②s ❛♥❞ t❤❡ Pr♦♣❛❣❛t✐♦♥ ❚❤❡♦r❡♠✳ ❆♣❏✱ ✻✶✷ ✿✾✵✵✕✾✶✸✱ ✷✵✵✹✳
❬✻❪ P✳ ❈❤❛♥❣✱ ❆✳ ❙♣✐t❦♦✈s❦②✱ ❛♥❞ ❏✳ ❆r♦♥s✳ ▲♦♥❣✲❚❡r♠ ❊✈♦❧✉t✐♦♥ ♦❢ ▼❛❣♥❡t✐❝ ❚✉r❜✉✲
❧❡♥❝❡ ✐♥ ❘❡❧❛t✐✈✐st✐❝ ❈♦❧❧✐s✐♦♥❧❡ss ❙❤♦❝❦s ✿ ❊❧❡❝tr♦♥✲P♦s✐tr♦♥ P❧❛s♠❛s✳ ❆♣❏✱ ✻✼✹ ✿✸✼✽✱
✷✵✵✽✳
❬✼❪ ❆✳ ❙♣✐t❦♦✈s❦②✳ ❖♥ t❤❡ str✉❝t✉r❡ ♦❢ r❡❧❛t✐✈✐st✐❝ ❝♦❧❧✐s✐♦♥❧❡ss s❤♦❝❦s ✐♥ ❡❧❡❝tr♦♥✲✐♦♥
♣❧❛s♠❛s✳ ❆♣❏✱ ✻✼✸ ✿▲✸✾✕▲✹✷✱ ✷✵✵✽✳
❬✽❪ ❙✳ ❋✳ ▼❛rt✐♥s✱ ❘✳ ❆✳ ❋♦♥s❡❝❛✱ ▲✳ ❖✳ ❙✐❧✈❛✱ ❛♥❞ ❲✳ ❇✳ ▼♦r✐✳ ■♦♥ ❞②♥❛♠✐❝s ❛♥❞
❛❝❝❡❧❡r❛t✐♦♥ ✐♥ r❡❧❛t✐✈✐st✐❝ s❤♦❝❦s✳ ❆♣❏✱ ✻✾✺ ✿▲✶✽✾✕▲✶✾✸✱ ✷✵✵✾✳
❬✾❪ ❲✳ ❍✳ Pr❡ss✱ ❇✳ P✳ ❋❧❛♥♥❡r②✱ ❙✳ ❆✳ ❚❡✉❦♦❧s❦②✱ ❛♥❞ ❲✳ ❚✳ ❱❡tt❡r❧✐♥❣✳ ◆✉♠❡r✐❝❛❧
❘❡❝✐♣❡s✳ ❚❤❡ ❛rt ♦❢ s❝✐❡♥t✐✜❝ ❝♦♠♣✉t✐♥❣✳ ❈❛♠❜r✐❞❣❡ ✿ ❈❛♠❜r✐❞❣❡ ❯♥✐✈✳ Pr❡ss✱ ✶✾✽✻✳
❬✶✵❪ ❆✳ ❙❤❛❧❝❤✐ ❛♥❞ ❆✳ ❉♦s❝❤✳ P❧❛s♠❛✲♣❛rt✐❝❧❡ ✐♥t❡r❛❝t✐♦♥ ❢♦r str♦♥❣ st♦❝❤❛st✐❝ ♠❛❣♥❡t✐❝
✜❡❧❞s ✿ ■s♦tr♦♣✐❝ ❛♥❞ ❛♥✐s♦tr♦♣✐❝ s❝❛tt❡r✐♥❣ r❡❣✐♠❡s✳ P❤②s✳ ❘❡✈✳ ❉✱ ✼✾ ✿✵✽✸✵✵✶✱ ✷✵✵✾✳
❬✶✶❪ ●✳ P❡❧❧❡t✐❡r✱ ▼✳ ▲❡♠♦✐♥❡✱ ❛♥❞ ❆✳ ▼❛r❝♦✇✐t❤✳ ❖♥ ❢❡r♠✐ ❛❝❝❡❧❡r❛t✐♦♥ ❛♥❞ ♠❤❞ ✐♥st❛✲
❜✐❧✐t✐❡s ❛t ✉❧tr❛✲r❡❧❛t✐✈s✐t✐❝ s❤♦❝❦ ✇❛✈❡s✳ ▼◆❘❆❙✱ ✸✾✸ ✿✺✽✼✕✺✾✼✱ ✷✵✵✾✳
❬✶✷❪ ▼✳ ▲❡♠♦✐♥❡✱ ●✳ P❡❧❧❡t✐❡r✱ ❛♥❞ ❇✳ ❘❡✈❡♥✉✳ ❖♥ t❤❡ ❊✣❝✐❡♥❝② ♦❢ ❋❡r♠✐ ❆❝❝❡❧❡r❛t✐♦♥
❛t ❘❡❧❛t✐✈✐st✐❝ ❙❤♦❝❦s✳ ❆♣❏✱ ✻✹✺ ✿▲✶✷✾✱ ✷✵✵✻✳
❬✶✸❪ ❆✳ ◆✐❡♠✐❡❝✱ ▼✳ ❖str♦✇s❦②✱ ❛♥❞ ▼✳ P♦❤❧✳ ❈♦s♠✐❝✲❘❛② ❆❝❝❡❧❡r❛t✐♦♥ ❛t ❯❧tr❛r❡❧❛t✐✈✐s✲
t✐❝ ❙❤♦❝❦ ❲❛✈❡s ✿ ❊✛❡❝ts ♦❢ ❉♦✇♥str❡❛♠ ❙❤♦rt✲❲❛✈❡ ❚✉r❜✉❧❡♥❝❡✳ ❆♣❏✱ ✻✺✵ ✿✶✵✷✵✱
✷✵✵✻✳
❬✶✹❪ ▲✳ ❙✐r♦♥✐ ❛♥❞ ❆✳ ❙♣✐t❦♦✈s❦②✳ P❛rt✐❝❧❡ ❆❝❝❡❧❡r❛t✐♦♥ ✐♥ ❘❡❧❛t✐✈✐st✐❝ ▼❛❣♥❡t✐③❡❞ ❈♦❧❧✐✲
s✐♦♥❧❡ss ❊❧❡❝tr♦♥✲■♦♥ ❙❤♦❝❦s✳ ❆♣❏✱ ✼✷✻ ✿✼✺✱ ✷✵✶✶✳
❬✶✺❪ ❯✳ ❑❡s❤❡t✱ ❇✳ ❑❛t③✱ ❆✳ ❙♣✐t❦♦✈s❦②✱ ❛♥❞ ❊✳ ❲❛①♠❛♥✳ ▼❛❣♥❡t✐❝ ❋✐❡❧❞ ❊✈♦❧✉t✐♦♥ ✐♥
❘❡❧❛t✐✈✐st✐❝ ❯♥♠❛❣♥❡t✐③❡❞ ❈♦❧❧✐s✐♦♥❧❡ss ❙❤♦❝❦s✳ ❆♣❏▲✱ ✻✾✸ ✿▲✶✷✼✱ ✷✵✵✾✳
❈❤❛♣✐tr❡ ✹
❆♠♦♥t ❞✉ ❝❤♦❝ ✿ tr❛♥s♣♦rt ❡♥
♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ❛♥✐s♦tr♦♣❡ ❡t
♥♦♥✲st❛t✐q✉❡
❯
♥❡ ét✉❞❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❞❡ tr❛♥s♣♦rt ❞❡ ♣❛rt✐❝✉❧❡s ❝❤❛r❣é❡s ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝ r❡❧❛✲
t✐✈✐st❡ ❡t ❢❛✐❜❧❡♠❡♥t ♠❛❣♥ét✐sé ❡st ♣rés❡♥té❡ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡✳ ■❝✐✱ ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡
❧❛ t✉r❜✉❧❡♥❝❡ ❡st ♠♦t✐✈é❡ ♣❛r ❧✬ét✉❞❡ ❞❡s ✐♥st❛❜✐❧✐tés ❞♦♠✐♥❛♥t❡s ❞❛♥s ❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝ ✭❬✶✕
✸❪✮ ✿ ✐♥st❛❜✐❧✐té ❞❡ ✜❧❛♠❡♥t❛t✐♦♥✲❲❡✐❜❡❧ ❡t ❧✬✐♥st❛❜✐❧✐té ♦❜❧✐q✉❡ à ❞❡✉① ❢❛✐s❝❡❛✉① ✭❖❚❙■ ✿
♦❜❧✐q✉❡ t✇♦✲str❡❛♠ ✐♥st❛❜✐❧✐t②✮✳ ❈❡s ✐♥st❛❜✐❧✐tés ♣❡✉✈❡♥t ♥♦♥ s❡✉❧❡♠❡♥t ❝♦♥❞✐t✐♦♥♥❡r ❧❡
❝❤♦❝ ❧✉✐✲♠ê♠❡ ♠❛✐s ❛✉ss✐ ❡♥tr❡t❡♥✐r ✉♥ ♥✐✈❡❛✉ ❞❡ t✉r❜✉❧❡♥❝❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❢♦rt ❞❛♥s
❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝✳ ▲✬✐♥✈❡st✐❣❛t✐♦♥ ❞❡ ❧❡✉rs ❡✛❡ts s✉r ❧❡ ❝❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s ❡t ❛❝❝é❧é✲
r❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s s✉♣r❛✲t❤❡r♠✐q✉❡s ❞❛♥s ❧❡ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ❡st à ❧✬♦r✐❣✐♥❡ ❞❡ ❧✬ét✉❞❡
♣rés❡♥té❡ ✐❝✐✳
▲✬❛♣♣r♦❝❤❡ q✉❡ ♥♦✉s ❛❞♦♣t♦♥s ❡st✱ ❡♥❝♦r❡✱ ❝❡❧❧❡ ❞❡ ♣❛rt✐❝✉❧❡s✲t❡st ❞❛♥s ❧❛ t✉r❜✉❧❡♥❝❡
❝réé❡ ♣❛r ❧❡s ✐♥st❛❜✐❧✐tés✳ P♦✉r r❡♥❞r❡ ❝♦♠♣t❡ ❝♦♠♣❧èt❡♠❡♥t ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ t✉r❜✉❧❡♥❝❡✲
♣❛rt✐❝✉❧❡s ✐❧ ♥♦✉s ❛✉r❛✐t ❢❛❧❧✉ ❡✛❡❝t✉❡r ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡ t②♣❡ P■❈✱ ❝❡❧❧❡s✲❝✐ s♦♥t ♣♦✉rt❛♥t
✈♦❧✉♠✐♥❡✉s❡s ❡t ❧❡s ❡✛❡ts q✉❡ ♥♦✉s ét✉❞✐♦♥s s❡r❛✐❡♥t ❞✐✣❝✐❧❡s à s♦rt✐r✱ ✈✉❡ t♦✉t❡ ❧❛ ♣❛♥♦✲
♣❧✐❡ ❞✬✐♥❢♦r♠❛t✐♦♥ q✉❡ ❝❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥t❡♥t✳ ❉✬❛✉t❛♥t ♣❧✉s q✉❡ ❧❡s é❝❤❡❧❧❡s ❞✉ t❡♠♣s
❡♥ ❥❡✉ ♣❡✉✈❡♥t ❞❡✈❡♥✐r ✐♥❛❝❝❡ss✐❜❧❡s ♣♦✉r ❝❡ t②♣❡ ❞❡ s✐♠✉❧❛t✐♦♥s✳ ▲✬❛♣♣r♦❝❤❡ ♣❛rt✐❝✉❧❡s✲
t❡st ❡st ❞✬❛✉t❛♥t ♣❧✉s r❛✐s♦♥♥❛❜❧❡ q✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s ❧❡s ♣❧✉s é♥❡r❣ét✐q✉❡s ❡st
très ♣❡t✐t ♣❛r r❛♣♣♦rt à ❝❡❧✉✐ ❞✉ ❢❛✐s❝❡❛✉ ♣r✐♠❛✐r❡✱ ré✢é❝❤✐ s✉r ❧❡ ❢r♦♥t✳ ▲❡✉r ✐♥✢✉❡♥❝❡ s✉r
❧❛ ❣é♥ér❛t✐♦♥ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ r❡st❡✱ à ♣r✐♦r✐✱ ❢❛✐❜❧❡ ❡t ❧✬❛♣♣r♦①✐♠❛t✐♦♥ q✉❡ ♥♦✉s ❛❞♦♣t♦♥s
❡st s❛t✐s❢❛✐s❛♥t❡ ♣♦✉r ❝❡tt❡ ♣♦♣✉❧❛t✐♦♥✳
▲❛ q✉❡st✐♦♥ q✉✐ ♣❡✉t s❡ ♣♦s❡r ❛❧♦rs ❡st ✿ ♣♦✉rq✉♦✐ ❢❛✐r❡ ✉♥❡ ❛✉tr❡ ét✉❞❡ ❞❡ tr❛♥s♣♦rt✱
❛❧♦rs q✉✬♦♥ ✈✐❡♥t ❞✬❡♥ ♣rés❡♥t❡r ✉♥❡✱ ❡♥ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ✐s♦tr♦♣❡ ❄ ❉♦♥♥♦♥s✲❡♥ ❞❡✉①
✺✾
✻✵ ✹✳✶✳ ▼❖❯❱❊▼❊◆❚ ❉❊❙ ❋■▲❆▼❊◆❚❙
r❛✐s♦♥s ✿
✕ ▲❛ ❞✐str✐❜✉t✐♦♥ très ❛♥✐s♦tr♦♣❡ ❞❡s ♣❛rt✐❝✉❧❡s é♥❡r❣ét✐q✉❡s ✭♣ré❝✉rs❡✉r✮ s♦✉s ❢♦r♠❡
❞✬✉♥ ❢❛✐s❝❡❛✉ ❞✬♦✉✈❡rt✉r❡ ❛♥❣✉❧❛✐r❡ ∆θ ≃ 1/γsh ≪ 1✳ ▲❛ t✉r❜✉❧❡♥❝❡ ❣é♥éré❡ ❡st
❞♦♥❝ très ✐♥t❡♥s❡✱ ❢♦rt❡♠❡♥t ❛♥✐s♦tr♦♣❡ ❡t ♥♦♥✲st❛t✐q✉❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❝♦✲♠♦❜✐❧❡
❞✉ ✢✉✐❞❡ ❛♠♦♥t✳ ▲❛ t❤é♦r✐❡ ❞✉ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t ♥❡ ♣❡✉t s✬❛♣♣❧✐q✉❡r ❞❛♥s ❝❡ ❝❛s✳
✕ ❯♥❡ ❢♦rt❡ ❝♦♠♣♦s❛♥t❡ é❧❡❝tr✐q✉❡ ❡st ♣rés❡♥t❡ ❞❛♥s ❧❡s ♠♦❞❡s t✉r❜✉❧❡♥ts✳ ❖♥ ♥✬❡st
♣❧✉s ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ t✉r❜✉❧❡♥❝❡ ♣✉r❡♠❡♥t ♠❛❣♥ét✐q✉❡✳
◆♦✉s ✈❡rr♦♥s ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞ét❛✐❧❧é❡ ❞✉ tr❛♥s♣♦rt ❞❡s ♣❛rt✐❝✉❧❡s
❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝✳ P♦✉r ❝♦♠♠❡♥❝❡r✱ ♦♥ ✈❛ ♣rés❡♥t❡r ❧❡ ❝♦♥t❡①t❡ ♣❤②s✐q✉❡ ✭ét✉❞❡ ❞❡s
✐♥st❛❜✐❧✐tés ❞❡ ❲❡✐❜❡❧ ❡t ❖❚❙■✮ q✉✐ ♥♦✉s ❛♠è♥❡ à ❝♦♥s✐❞ér❡r ✉♥ ♠♦❞è❧❡ ❞❡ t✉r❜✉❧❡♥❝❡
♣❛rt✐❝✉❧✐❡r✳ ❊♥s✉✐t❡✱ ♦♥ ❞ér✐✈❡ ❧❡s ❧♦✐s ❞❡ ❞✐✛✉s✐♦♥ s♣❛t✐❛❧❡ ❛✐♥s✐ q✉❡ ❧✬❛♠♣❧✐t✉❞❡ ❞✬é♥❡r❣✐❡
tr❛♥s♠✐s❡ ❛✉① ♣❛rt✐❝✉❧❡s à ❧✬❛✐❞❡ ❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ❡t ❞✬✉♥❡ t❤é♦r✐❡ q✉✐ ❧❡s
❝♦rr♦❜♦r❡✳ ❋✐♥❛❧❡♠❡♥t✱ ♦♥ ❞✐s❝✉t❡ ❧❡s ✐♠♣❧✐❝❛t✐♦♥s ❛✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ❡t ❧❡s ❝♦♥❝❧✉s✐♦♥s✳
❈❡ tr❛✈❛✐❧ ❛ ❢❛✐t ♦❜❥❡t ❞✬✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ●✉② P❡❧❧❡t✐❡r ❡t ▼❛rt✐♥
▲❡♠♦✐♥❡ ❞❛♥s ❧❡ ❥♦✉r♥❛❧ MNRAS✱ ✷✵✶✸✳
◆♦t❛t✐♦♥ ✿ ▲❡s ❞✐r❡❝t✐♦♥s s♦♥t r❡♣éré❡s ❞❡ ♠❛♥✐èr❡ ❞✐✛ér❡♥t❡ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♣❛r
r❛♣♣♦rt ❛✉ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t✳ ▲❛ ❞✐r❡❝t✐♦♥ ♣❛r❛❧❧è❧❡ ✱||✱ ❝♦rr❡s♣♦♥❞ à ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝
❂ ❞✐r❡❝t✐♦♥ ❞❡ ♣r♦♣❛❣❛t✐♦♥✳ ❆❧♦rs q✉❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t ❝❡tt❡ ❞✐r❡❝t✐♦♥ ❝♦rr❡s✲
♣♦♥❞❛✐t à ❝❡❧❧❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡✳ ❊t ❧❛ ❞✐r❡❝t✐♦♥ tr❛♥s✈❡rs❡✱ ⊥✱ ❝♦rr❡s♣♦♥❞
❛✉ ♣❧❛♥ ❞é✜♥✐ ♣❛r ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝✳
✹✳✶ ▼♦✉✈❡♠❡♥t ❞❡s ✜❧❛♠❡♥ts ♠❛❣♥ét✐q✉❡s ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝
▲❡ ♠♦❞è❧❡ ❞✉ ❝❤♦❝✱ ♣rés❡♥té ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✷ s✬❛♣♣✉✐❡ s✉r ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❜❛s❡
❞❛♥s ✉♥ ❝❤♦❝ s✉♣❡r✲❝r✐t✐q✉❡ ✿ ré✢❡①✐♦♥ ❞✬✉♥❡ ❢r❛❝t✐♦♥ ❞❡s ✐♦♥s ✐♥❝✐❞❡♥ts s✉r ✉♥❡ ❜❛rr✐èr❡
❞❡ ♣♦t❡♥t✐❡❧ ♦✉ ♠❛❣♥ét✐q✉❡✱ ❝❡ q✉✐ ❢❛❜r✐q✉❡ ❧❡ ❝❤♦❝✳ ■❧ ❡♥ rés✉❧t❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ✏♣✐❡❞✑
❞✉ ❝❤♦❝✱ ♦ù ❝❡ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s ✐♥t❡r❛❣✐t ❛✈❡❝ ❧❡ ♣❧❛s♠❛ ❞❡ ❢♦♥❞✳ ❉❛♥s ❧❡ ❝❛s r❡❧❛t✐✈✐st❡✱
❧✬✐♥t❡r❛❝t✐♦♥ ❞♦✐t êtr❡ très r❛♣✐❞❡ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ❢r♦♥t✳ ❖r✱ ❝❡rt❛✐♥❡s ✐♥st❛❜✐❧✐tés
♣♦ssè❞❡♥t ✉♥ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❛ss❡③ r❛♣✐❞❡ ♣♦✉r s❡ ❞é✈❡❧♦♣♣❡r ♣❧❡✐♥❡♠❡♥t ❞❛♥s ❧❡ ♣✐❡❞
✭❡✳❣✳ ❞✐s❝✉ss✐♦♥ ❞❛♥s ❬✶❪✮✱ s✐ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❞✉ ♠✐❧✐❡✉ ❡st ❢❛✐❜❧❡ ✭σ < 10−4✮✳ ❈♦♠♠❡
❧✬♦♥t ♠♦♥tré ❧❡s ét✉❞❡s ✭❬✸✱ ✶❪✱ ✈♦✐r ❛✉ss✐ ❧❡ ❈❤❛♣✐tr❡ ✷✮✱ ❧❡s ♣❧✉s r❛♣✐❞❡s s♦♥t ❧✬✐♥st❛❜✐❧✐té
❖❚❙■ ❡t ❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥✳ ❈✬❡st s✉r ❡❧❧❡s q✉❡ ♥♦✉s ❛❧❧♦♥s ♥♦✉s ❢♦❝❛❧✐s❡r✳
◗✉❡ ❝❡ s♦✐t ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ♦✉ ❧✬❖❚❙■✱ ❧❡s ❝❤❛♠♣s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s ❣é♥érés
❡♥ ♣❤❛s❡ ❧✐♥é❛✐r❡ s♦♥t très ✐♥t❡♥s❡s ❡t ✢✉❝t✉❡♥t à ♣❡t✐t❡ é❝❤❡❧❧❡ ✭q✉❡❧q✉❡s δi✮✳ ▲❡ ❢❛✐s❝❡❛✉
s❡ ♣r♦♣❛❣❡ à très ❣r❛♥❞❡ ✈✐t❡ss❡ ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛s♠❛ ❛♠♦♥t✳ ▲❡ ❝❡♥tr❡ ❞❡ ♠❛ss❡ ❞✉
s②stè♠❡ ❢❛✐s❝❡❛✉✲♣❧❛s♠❛ ❛♠♦♥t ❞♦✐t ❛✈♦✐r ✉♥❡ ✈✐t❡ss❡ ♥♦♥✲♥✉❧❧❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞❡ ❝❡
❞❡r♥✐❡r✳ ■❧ ❡st ❞♦♥❝ ❧♦❣✐q✉❡ ❞❡ s✬❛tt❡♥❞r❡ à ✉♥❡ ❣é♥ér❛t✐♦♥ ❞✬✐♥st❛❜✐❧✐tés ❞♦♥t ❧❛ ✈✐t❡ss❡
❞❡ ♣❤❛s❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ s❡r❛ ♥♦♥✲♥✉❧❧❡✱ ✈♦✐r❡ ♠ê♠❡ ♣r♦❝❤❡ ❞❡ c✳
❈❍❆P■❚❘❊ ✹✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆▼❖◆❚ ❉❯ ❈❍❖❈ ✻✶
❈♦♥s✐❞ér♦♥s ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡s ♣❡rt✉r❜❛t✐♦♥s ♠❛❣♥ét✐q✉❡s s♦✉s ❧✬❡✛❡t ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡
❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥✳ ❈❡❧❧❡✲❝✐ ❡st ❞é❝❧❡♥❝❤é❡ ♣❛r ✉♥ ❢❛✐s❝❡❛✉ ❞❡ ✈✐t❡ss❡ vb ♣❛r❛❧❧è❧❡ à ❧❛
♥♦r♠❛❧❡ ❛✉ ❝❤♦❝✱ ❛✈❡❝ ❧❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❝♦rr❡s♣♦♥❞❛♥t γb = (1−v2b/c2)−1/2 ∼ γ2sh✳ ❈❡
❢❛✐s❝❡❛✉ ✐♥t❡r❛❣✐t ❛✈❡❝ ❧❡ ♣❧❛s♠❛ ❛♠❜✐❛♥t ✭♠✐❧✐❡✉ ❛♠♦♥t✮ ❞❡ ❞❡♥s✐té n0✳ ▲❡ ❢❛✐s❝❡❛✉ ♣♦rt❡
✉♥❡ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ξcrγ2bn0mpc
2 ❡t s❛ ❢réq✉❡♥❝❡ ♣❧❛s♠❛ ❡st ωpb ∼ ξ1/2cr (me/mi)1/2ωpe✱
♦ù ξcr ❡st ❧❡ ❢❛❝t❡✉r ❞❡ ❝♦♥✈❡rs✐♦♥ ❡♥ ♣❛rt✐❝✉❧❡s s✉♣r❛✲t❤❡r♠✐q✉❡s✱ ❞é✜♥✐ ❞❛♥s ❧❛ ❙❡❝✲
t✐♦♥ ✷✳✺✳ ❙✐ ❧❡s é❧❡❝tr♦♥s ❞✉ ♣❧❛s♠❛ ❛♠❜✐❛♥t s♦♥t ❢r♦✐❞s ❛❧♦rs ❧❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❞❡
❧✬✐♥st❛❜✐❧✐té ❡st ✭❙❡❝t✐♦♥ ✷✳✻✳✶✮ ✿
γinst ≡ ℑω = ωpb βbk⊥δe
(1 + k2⊥δ2e)1/2
, ✭✹✳✶✮
❊t s❛ ❧♦♥❣✉❡✉r ❞✬❡①♣♦♥❡♥t✐❛t✐♦♥ ✿
ℓg ≡ c/ℑω ∼ ξ−1/2cr δi . ✭✹✳✷✮
❆✈❡❝ k⊥ ét❛♥t ❧❡ ♥♦♠❜r❡ ❞✬♦♥❞❡ tr❛♥s✈❡rs❡ à ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝✳ ▲❛ ❝♦♠♣♦s❛♥t❡ ♣❛✲
r❛❧❧è❧❡ à ❧❛ ♥♦r♠❛❧❡ s❡r❛ ♥♦té❡ k‖ ❞❛♥s ❧❛ s✉✐t❡✳ δe ❡st ❧❛ ❧♦♥❣✉❡✉r ❞✬❡❝r❛♥t❛❣❡ é❧❡❝tr♦♥✐q✉❡
✭= c/ωpe✮✳ ▲❡ ♣♦✐♥t ❡ss❡♥t✐❡❧ ❞❡ ❝❡ tr❛✈❛✐❧ ✈✐❡♥t ❞❡ ❧❛ r❡♠❛rq✉❡ q✉❡✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉①
ét✉❞❡s ❛♥tér✐❡✉r❡s ♦ù ❧✬✐♥st❛❜✐❧✐té ❡st ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ❛♣ér✐♦❞✐q✉❡ ✭ωr = 0 ❡t k‖ = 0✮✱
♦♥ ❝♦♥s✐❞èr❡ ✉♥ k‖ ♥♦♥✲♥✉❧ ❛✈❡❝ k⊥ ≫ k‖✳ ■❧ ❡♥ ❞é❝♦✉❧❡ q✉❡ ❧❡s ♠♦❞❡s ❞❡ ❲❡✐❜❡❧ ♦♥t ✉♥❡
❢réq✉❡♥❝❡ ré❡❧❧❡ ❡t ✉♥❡ ✈✐t❡ss❡ ❞❡ ♣❤❛s❡ ♥♦♥✲♥✉❧❧❡✳ ▲❡ ❝❛❧❝✉❧ ❞❛♥s ❧❡ ❝❛s ❞✬é❧❡❝tr♦♥s ❢r♦✐❞s
❞♦♥♥❡ ✭❬✹❪✮ ✿
ωr = k‖vb
(
1− ξcr(me/mi)
γ−2b + k
2
⊥δ
2
e
1 + k2⊥δ2e
)
. ✭✹✳✸✮
▲❛ ✈✐t❡ss❡ ❞❡ ♣❤❛s❡ ❡st ❛❧♦rs vm/c = βm = ωr/(k‖c)✳ ❖♥ ❛ ♥é❣❧✐❣é ❧❛ ❞é♣❡♥❞❛♥❝❡ ❡♥ k⊥ ❝❛r
❧❛ ❞✐s♣❡rs✐♦♥ ❡st ❢❛✐❜❧❡ ∆βm/βm ≪ 1✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❝♦♥✈❡rs✐♦♥ ❡✣❝❛❝❡ ❡♥ ♣❛rt✐❝✉❧❡s
s✉♣r❛✲t❤❡r♠✐q✉❡s✱ ✐✳❡✳ ξcr ≃ 0.1 ❬✺❪✱ ❧❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ✈✐t❡ss❡ ❞❡
♣❤❛s❡ ❡st très ❣r❛♥❞ γm ≃ (ξcr(me/mi))−1/2 ∼ 140✳ ❈❡ ♠♦✉✈❡♠❡♥t ❞❡s ✜❧❛♠❡♥ts r❡✈êt
t♦✉t❡ s♦♥ ✐♠♣♦rt❛♥❝❡ ❞❛♥s ❧✬❡st✐♠❛t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ ré✢❡①✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✱ ❞✉
♣ré❝❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s ❡t ❞✉ ♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐✳
❙✐ ❧❡ ♣❧❛s♠❛ ❞✬é❧❡❝tr♦♥s ❞❡ ❢♦♥❞ ❡st r❡❧❛t✐✈✐st✐q✉❡♠❡♥t ❝❤❛✉❞✱ ♦♥ ❞♦✐t r❡♣r❡♥❞r❡ ❧❡ ❝❛❧✲
❝✉❧ ❞✬✐♥st❛❜✐❧✐té ❡t ❛✉ss✐ t❡♥✐r ❝♦♠♣t❡ ❞❡ ❧✬❛♠♦rt✐ss❡♠❡♥t ▲❛♥❞❛✉ q✉✐ ❞❡✈✐❡♥t ✐♠♣♦rt❛♥t✳
❖♥ ♠♦♥tr❡ ❞❛♥s ❬✹❪ q✉❡ ❧❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ♠❛①✐♠❛❧ r❡st❡ ✐♥❝❤❛♥❣é ♣❛r r❛♣♣♦rt ❛✉ ❝❛s
❢r♦✐❞ γinst ≃ ωpb✱ ♠❛✐s ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞❡ ❝r♦✐ss❛♥❝❡ ♠❛①✐♠❛❧❡ ❞❡✈✐❡♥t ♣❧✉s ❣r❛♥❞❡
♣❛r ✉♥ ❢❛❝t❡✉r √γth,e✳ ❖ù γth,e = 1 + Te/(mec2)✳ ❈❡tt❡ ❧♦♥❣✉❡✉r t❡♥❞ ✈❡rs δi q✉❛♥❞
❧❡s é❧❡❝tr♦♥s s♦♥t ❡♥ éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ✐♦♥s γth,e → mi/me✳ ▲❛ ✈✐t❡ss❡ ❞❡ ♣❤❛s❡ ❡st
✻✷ ✹✳✷✳ ▲❊ ❘❊P➮❘❊ ❉❊❙ P❆◗❯❊❚❙ ❉✬❖◆❉❊
ré❞✉✐t❡ ❡t s♦♥ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ♣❡✉t s✬é❝r✐r❡
γm ≃
[
(γth,e(me/mi)ξcr)
1/2 + 2ξcr
]−1/2
. ✭✹✳✹✮
▲❛ ✈❛❧❡✉r ❧❛ ♣❧✉s ❜❛ss❡ ❞❡ ❝❡ ❢❛❝t❡✉r ❡st ❛tt❡✐♥t❡ q✉❛♥❞ ❧❡s é❧❡❝tr♦♥s s♦♥t ❝❤❛✉✛és à
❧✬éq✉✐♣❛rt✐t✐♦♥ γm ≃ 2✳ ▲❡s ✜❧❛♠❡♥ts s♦♥t ❞♦♥❝ ❣r❛❞✉❡❧❧❡♠❡♥t r❛❧❡♥t✐s à ❢✉r ❡t ♠❡s✉r❡
q✉❡ ❧❡s é❧❡❝tr♦♥s s♦♥t ❝❤❛✉✛és ❡♥ s✬❛♣♣r♦❝❤❛♥t ❞✉ ❝❤♦❝ ❞❡ s♦rt❡ à êtr❡ ❡♥ s✉✲éq✉✐♣❛rt✐t✐♦♥
à ❧❛ tr❛♥s✐t✐♦♥ ❞✉ ❝❤♦❝✳
❘ô❧❡ ❞❡ ❧✬❖❚❙■ ❏✉sq✉✬✐❝✐ ❧❛ ❞✐s❝✉ss✐♦♥ ♥✬❛ ♣♦rté q✉❡ s✉r ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧✳ ▲❛
♣rés❡♥❝❡ ❞✬✉♥❡ ❛✉tr❡ ✐♥st❛❜✐❧✐té✱ ♣❧✉s r❛♣✐❞❡ ❞❛♥s ❧❡ ❝❛s ❢r♦✐❞✱ ❡st ✐♥é✈✐t❛❜❧❡✳ ▲❛ ✈❛r✐❛♥t❡
♦❜❧✐q✉❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té à ❞❡✉① ❢❛✐s❝❡❛✉① ✭❖❚❙■✮ ❡st ✉♥❡ ✐♥st❛❜✐❧✐té rés♦♥♥❛♥t❡ ❛✈❡❝ sé✲
❧❡❝t✐♦♥ ❞r❛st✐q✉❡ s✉r ❧❡s ♥♦♠❜r❡s ❞✬♦♥❞❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ♥♦r♠❛❧❡ ✿ k‖ = ωpe/c✳ ❊❧❧❡ ❝r♦✐t
❜❡❛✉❝♦✉♣ ♣❧✉s ✈✐t❡ q✉❛♥❞ ❧❛ ❝♦♠♣♦s❛♥t❡ tr❛♥s✈❡rs❡ ❞✉ ✈❡❝t❡✉r ❞✬♦♥❞❡ ❡st ❞✉ ♠ê♠❡ ♦r❞r❡
❞❡ ❣r❛♥❞❡✉r q✉❡ k‖ ❬✻❪✳ ▲❡s ♠♦❞❡s ❞✬♦♥❞❡ ♣r♦❞✉✐ts s♦♥t q✉❛s✐ é❧❡❝tr♦st❛t✐q✉❡s ❞❛♥s ❧❡
ré❢ér❡♥t✐❡❧ ❞✉ ♣❧❛s♠❛ ❞❡ ❢♦♥❞✳ ❉✬❛♣rès ❧❡s ❝❛❧❝✉❧s ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ❬✶❪✱ ❧❛
❢réq✉❡♥❝❡ ré❡❧❧❡ ❡st ❧é❣èr❡♠❡♥t ❞é❝❛❧é❡ ♣❛r é❧❛r❣✐ss❡♠❡♥t ❞❡ rés♦♥❛♥❝❡ ✿ ωr = ωpe(1−|δ|/2)
❡t s♦♥ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❡st
γinst ≡ ℑω =
√
32−4/3|δ|ωpe, ✭✹✳✺✮
❛✈❡❝ δ = (ξcrme/mi)1/3✳ ▲❛ ❝♦♠♣♦s❛♥t❡ ♠❛❣♥ét✐q✉❡ ❡st δ ❢♦✐s ♣❧✉s ♣❡t✐t❡ q✉❡ ❧❛ ❝♦♠✲
♣♦s❛♥t❡ é❧❡❝tr♦st❛t✐q✉❡✳ ◆♦t♦♥s q✉❡ ❝❡tt❡ ✐♥st❛❜✐❧✐té ❡st ✐♥❤✐❜é❡ q✉❛♥❞ ❧❡s é❧❡❝tr♦♥s ❞✉
♣❧❛s♠❛ ❞❡ ❢♦♥❞ s♦♥t ❝❤❛✉✛és à ❧❛ t❡♠♣ér❛t✉r❡ ✉❧tr❛✲r❡❧❛t✐✈✐st❡ ❬✷✱ ✼❪✳
▼❛✐♥t❡♥❛♥t✱ ♣❧❛ç♦♥s✲♥♦✉s ❞❛♥s ❧❡ r❡♣èr❡ ❞❡ ❧✬♦♥❞❡✱ s❡ ♣r♦♣❛❣❡❛♥t à ❧❛ ✈✐t❡ss❡ ❞❡
♣❤❛s❡ βm = 1 − |δ|/2 ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛s♠❛ ❛♠♦♥t✳ ▲❡ ❢❛❝t❡✉r ▲♦r❡♥t③ ❝♦rr❡s♣♦♥❞❛♥t
❡st ♠♦❞éré γm ≃ |δ|−1/2 ∼ 5✳ ▲❡s ♣❛q✉❡ts ❞✬♦♥❞❡ s♦♥t ❞♦♥❝ r❛♣✐❞❡♠❡♥t r❛ttr❛♣és ♣❛r ❧❡
❢r♦♥t ❞✉ ❝❤♦❝✱ ♠❛✐s ❞♦✐✈❡♥t ❥♦✉❡r ✉♥ rô❧❡ ❞❛♥s ❧❡ ❝❤❛✉✛❛❣❡ ❞✉ ♣❧❛s♠❛ ❛♠♦♥t✳
P♦✉r ❧✬❖❚❙■✱ ❧♦rsq✉✬♦♥ s❡ ♣❧❛❝❡ ❞❛♥s ❧❡ r❡♣èr❡ ❞❡ ❧✬♦♥❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ♣❛rt✐❝✉❧❡s
❡st ❣♦✉✈❡r♥é❡ ♣❛r ❧❡s ❝❤❛♠♣s tr❛♥s✈❡rs❡s ❞✬❛♠♣❧✐t✉❞❡ s✐♠✐❧❛✐r❡✱ ❝♦♠♠❡ ❝✬❡st ❧❡ ❝❛s ♣♦✉r
❧❡s ♠♦❞❡s ❲❡✐❜❡❧✳
✹✳✷ ▲❡ r❡♣èr❡ ❞❡s ♣❛q✉❡ts ❞✬♦♥❞❡
❉❛♥s ❧❡s ❞❡✉① ❝❛s ♥♦✉s ❛♥❛❧②s♦♥s ❧❡ tr❛♥s♣♦rt ❞❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡ r❡♣èr❡ ❞❡s ♣❛✲
q✉❡ts ❞✬♦♥❞❡ ✭r❡♣èr❡ ♥❛t✉r❡❧ s❡ ❞é♣❧❛ç❛♥t à ❧❛ ✈✐t❡ss❡ ❞❡ ♣❤❛s❡ ❞❡s ♦♥❞❡s✮✳ ❈❡ r❡♣èr❡
❡st ❝❛r❛❝tér✐sé ♣❛r ❧❡ ❢❛✐t q✉❡ ❧❛ t✉r❜✉❧❡♥❝❡ ② ❡st ✈✉❡ ❝♦♠♠❡ st❛t✐q✉❡✱ ❡♥ ✈❡rt✉ ❞❡ ❧❛
❈❍❆P■❚❘❊ ✹✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆▼❖◆❚ ❉❯ ❈❍❖❈ ✻✸
tr❛♥s❢♦r♠❛t✐♦♥ ❞❡s ❢réq✉❡♥❝❡s ✿
ω′ = γm (ω − kvφ) = 0. ✭✹✳✻✮
▲✬✐♥❞✐❝❡ ♣r✐♠é ✐♥❞✐q✉❡ ❧❛ q✉❛♥t✐té ♠❡s✉ré❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ♣❛q✉❡t ❞✬♦♥❞❡✳ P♦✉r
❝♦♠♣❧ét❡r✱ ♥♦t♦♥s q✉❡ ❧❡ ✹✲✈❡❝t❡✉r ❞✬♦♥❞❡ [ω/c,k] s❡ tr❛♥s❢♦r♠❡ s❡❧♦♥ ❧❛ tr❛♥s❢♦r♠❛t✐♦♥
❞❡ ▲♦r❡♥t③✳ ❖♥ ❛✉r❛ ❞♦♥❝ ♣♦✉r ❧❡s ♥♦♠❜r❡s ❞✬♦♥❞❡ ✿
k′⊥ = k⊥ ✭✹✳✼✮
k′‖ = γm
(−ωβm/c+ k‖) ≃ k‖/γm .
❘❛♣♣❡❧♦♥s✱ q✉❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ♣❧❛s♠❛ ❞❡ ❢♦♥❞ ✭❛♠♦♥t✮ ❧❡s ♠♦❞❡s ❲❡✐❜❡❧ ♣ré✲
s❡♥t❡♥t k⊥/k‖ ≫ 1 ❡t ❞♦♥❝ k′⊥/k′‖ ≫ 1 ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✬♦♥❞❡ ❛✉ss✐✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡
❧✬❖❚❙■ k⊥/k‖ ∼ 1 ❡t ❞♦♥❝ ✉♥ ♥♦♠❜r❡ ❞✬♦♥❞❡ ♣❛r❛❧❧è❧❡ sé❧❡❝t✐♦♥♥é ♣❛r ❧❛ tr❛♥s❢♦r♠❛t✐♦♥
k′‖ ≃ k′⊥/γm✳
P♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ♣❛rt✐❝✉❧❡s ✐❧ ♥♦✉s ❢❛✉t ❛✉ss✐ tr❛♥s❢♦r♠❡r ❧❡s ❝♦♠✲
♣♦s❛♥t❡s ❞❡s ❝❤❛♠♣s✳ ❊♥ ♣❛rt❛♥t ❞✉ ré❢ér❡♥t✐❡❧ ❛♠♦♥t ✈❡rs ❧❡ ré❢ér❡♥t✐❡❧ s❡ ♠♦✉✈❛♥t à ❧❛
✈✐t❡ss❡ ❞❡ ♣❤❛s❡ ❞❡s ♦♥❞❡s ♦♥ ♦❜t✐❡♥t ♣❛r tr❛♥s❢♦r♠❛t✐♦♥ ❞✉ t❡♥s❡✉r ❞✉ ❝❤❛♠♣ é❧❡❝tr♦✲
♠❛❣♥ét✐q✉❡ ✿
E′l = El ✭✹✳✽✮
E′t = γw(Et + βw ×Bt) ≃ γwEt ✭✹✳✾✮
B′l = Bl ✭✹✳✶✵✮
B′t = γw(Bt − βw ×Et) ≃ −γwβw ×Et . ✭✹✳✶✶✮
▲❡s ♠♦❞❡s ❖❚❙■ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❝♦✲♠♦❜✐❧❡ ❛♠♦♥t s♦♥t é❧❡❝tr♦st❛t✐q✉❡s✱ ❝❡ q✉✐
✐♠♣❧✐q✉❡ |B| ≪ |Et| ❛✈❡❝ ✉♥❡ ❞♦♠✐♥❛♥t❡ tr❛♥s✈❡rs❡ ✭♠♦❞❡s ♦❜❧✐q✉❡s✮✳ ❖♥ ♣❡✉t ❞♦♥❝
♥é❣❧✐❣❡r ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡ Bl ❡t Bt✳ P♦✉r ❧❡s ♠♦❞❡s ❲❡✐❜❡❧ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞❡s ♣❛q✉❡ts
❞✬♦♥❞❡ ♦♥ ❞ér✐✈❡ ✉♥ s②stè♠❡ s✐♠✐❧❛✐r❡✳ ❊♥ ❡✛❡t✱ ❧❡s éq✉❛t✐♦♥s ❞❡ ♠♦✉✈❡♠❡♥t ❞❡s ♣❛rt✐❝✉❧❡s
❞❛♥s ❝❡ ré❢ér❡♥t✐❡❧ s♦♥t ✐❞❡♥t✐q✉❡s ♣♦✉r ❧❡s ❞❡✉① t②♣❡s ❞❡ ♠♦❞❡s à ✉♥❡ s❡✉❧❡ ❞✐✛ér❡♥❝❡
♣rès ✿ ❞❛♥s ❧❡ ❝❛s ❞❡s ♠♦❞❡s ❖❚❙■ ✉♥❡ sé❧❡❝t✐♦♥ ❞r❛st✐q✉❡ ❞❡s ♥♦♠❜r❡s ❞✬♦♥❞❡ ♣❛r❛❧❧è❧❡s
❛✉t♦✉r ❞❡ k′z = γw(kz − βwω/c) ≃ kz/2γw ❛ ❧✐❡✉✱ ❝♦♠♠❡ ♦♥ ❧❡ ✈❡rr❛ ♣❧✉s ❧♦✐♥✱ ❛❧♦rs q✉❡
♣♦✉r ❧❡s ♠♦❞❡s ❲❡✐❜❡❧ ❧❡s ♠♦❞❡s s♦♥t ❞✐str✐❜✉és s✉r ✉♥❡ ❜❛♥❞❡ étr♦✐t❡ ❞❡s k′z < kz/γw✳
❚♦✉t ❞✬❛❜♦r❞✱ ♥♦✉s ❛❧❧♦♥s ❞♦♥❝ ❛♥❛❧②s❡r ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ♣❛rt✐❝✉❧❡s ❡♥ ❛♣♣r♦①✐♠❛t✐♦♥
✷❉ ✭E′l = 0✱ B
′
l = 0✮ ❡t ❡♥s✉✐t❡ ❡♥ ✸❉ ✭E
′
l = E
′
t/γw✮✳
✻✹ ✹✳✸✳ ❊❚❯❉❊ ◆❯▼➱❘■◗❯❊ ❉❯ ❚❘❆◆❙P❖❘❚
✹✳✸ ❊t✉❞❡ ♥✉♠ér✐q✉❡ ❞✉ tr❛♥s♣♦rt
✹✳✸✳✶ ❚✉r❜✉❧❡♥❝❡ ✷❉
❉❛♥s ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ✷❉ ♣♦✉r ❧❡s ♠♦❞❡s ❖❚❙■✱ ♥♦✉s ♥é❣❧✐❣❡♦♥s ❧❛ ❢❛✐❜❧❡ ❝♦♥tr✐❜✉t✐♦♥
❞❡s ❝♦♠♣♦s❛♥t❡s ❧♦♥❣✐t✉❞✐♥❛❧❡s ✭E′l = 0✱ B
′
l = 0✮✳ ❈❡tt❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❡st ❥✉st✐✜é❡ ♣❛r
❧❛ ♣❡t✐t❡ ✈❛❧❡✉r k′z = γw(kz−βwω/c) ≃ kz/2γw✱ ❛❧♦rs q✉❡ ❧❡s ♥♦♠❜r❡s ❞✬♦♥❞❡ tr❛♥s✈❡rs❡s
r❡st❡♥t ✐♥❝❤❛♥❣és✳ ▲❡ s②stè♠❡ ❞✬éq✉❛t✐♦♥s ❞❡ ♠♦✉✈❡♠❡♥t ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ♣❛q✉❡t
❞✬♦♥❞❡ s✬é❝r✐t ❛❧♦rs ✿
dpx
dt
= qE′x(1 + βwβz)
dpy
dt
= qE′y(1 + βwβz) ✭✹✳✶✷✮
dpz
dt
= −qβw(βxE′x + βyE′y)
❖ù ❧❛ r❡❧❛t✐♦♥ B′t = −βw × E′t ❛ été ✉t✐❧✐sé❡✳ P♦✉r ❧❡s ♠♦❞❡s ❲❡✐❜❡❧ ❧❡s éq✉❛t✐♦♥s ❞❡
♠♦✉✈❡♠❡♥t ♣r❡♥♥❡♥t ✉♥❡ ❢♦r♠❡ ✐❞❡♥t✐q✉❡✳
❈❡ s②stè♠❡ ❡st rés♦❧✉ ♥✉♠ér✐q✉❡♠❡♥t ♣❛r ❧✬❛❧❣♦r✐t❤♠❡ ❞❡ ❇✉❧✐rs❝❤✲❙t♦❡r ✭Pr❡ss ❡t
❛❧✳❬✽❪✮✱ ❛✈❡❝ ✉♥❡ st❛t✐st✐q✉❡ s✉r ❧❡s ❝❤❛♠♣s ❞é❝♦♠♣♦sés ❡♥ ♦♥❞❡s ♣❧❛♥❡s ❞❡ ♣❤❛s❡s ❡t
♣♦❧❛r✐s❛t✐♦♥s ❛❧é❛t♦✐r❡s✳ ▲❛ ❝♦♥tr❛✐♥t❡ s✉r ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ E′t ❡st k ‖ Et ♣♦✉r ❝❤❛q✉❡
♠♦❞❡ ✭❧✬✐♥st❛❜✐❧✐té ♣♦rt❡ ✉♥ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❛❧✐❣♥é ❛✈❡❝ ❧❡ ✈❡❝t❡✉r ❞✬♦♥❞❡✮✱ ✐♠♣❧✐q✉❛♥t
k‖ = 0✳
P❛r s♦✉❝✐ ❞❡ ❝❧❛rté ♥♦✉s ♣rés❡♥t♦♥s ✐❝✐ s❡✉❧❡♠❡♥t ❧❡ ❝❛s ♦ù ❧❡ ✈❡❝t❡✉r ✈✐t❡ss❡ ✐♥✐t✐❛❧
❞❡s ♣❛rt✐❝✉❧❡s ❡st str✐❝t❡♠❡♥t ❧♦♥❣✐t✉❞✐♥❛❧✱ p0 = p||,0ez✳ ◆♦✉s ♥♦✉s ❢♦❝❛❧✐s♦♥s s✉r ✉♥❡
❝♦♥✜❣✉r❛t✐♦♥ ❞❡ t②♣❡ ❢❛✐s❝❡❛✉ ❝♦♠♠❡ r❡♣rés❡♥t❛t✐✈❡ ❞❡ ❝❡ q✉✐ s❡ ♣❛ss❡ ❡♥ ❛♠♦♥t ❞✉
❝❤♦❝✳ ▲❛ ✈❛❧❡✉r ❞❡ p||,0/mc ❡st ✈❛r✐é❡ ❡♥tr❡ 1 ❡t 104 ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❡t ❧✬✐♥t❡♥s✐té r♠s
❞✉ ❝❤❛♠♣s t✉r❜✉❧❡♥t ❡st ❝❤♦✐s✐ ❞❡ s♦rt❡ à s❛t✐s❢❛✐r❡ eE′tlc ≃ mc2✳
▲❡s rés✉❧t❛ts ♥✉♠ér✐q✉❡s s♦♥t ♣rés❡♥tés ❞❛♥s ❧❡s ❋✐❣✉r❡s ❬✹✳✶✲✹✳✸❪✳ ❉❛♥s ❧❛ ❋✐❣✉r❡ ❬✹✳✶❪
♦♥ ♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ tr❛♥s♣♦rt ♣♦✉r ❞✐✛ér❡♥ts p‖,0/(mc)✳
❈❡✉①✲❝✐ ét❛♥t ❝❛❧❝✉❧és ❝♦♠♠❡ ♠♦②❡♥♥❡s ❞❡s ❞é♣❧❛❝❡♠❡♥ts q✉❛❞r❛t✐q✉❡s ♣❛r r❛♣♣♦rt ❛✉
♣♦✐♥t ❞✬♦r✐❣✐♥❡ ❞✐✈✐sés ♣❛r ❧❡ ❧❛♣s ❞❡ t❡♠♣s✳ ▲✬❛♥❛❧②s❡ ❞❡ ❝❡ ❣r❛♣❤❡ ♠❡t ❡♥ é✈✐❞❡♥❝❡ ✉♥
❞é♣❧❛❝❡♠❡♥t ❜❛❧✐st✐q✉❡ ❡♥ ❞✐r❡❝t✐♦♥ ♣❛r❛❧❧è❧❡ ✭〈∆x2||〉 = v2||,0t2✮✳ ❊♥ ❞✐r❡❝t✐♦♥ tr❛♥s✈❡rs❡
♦♥ ❝♦♥st❛t❡ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ✿ ♣♦✉r t < tnl✱ 〈∆x2⊥〉 ∝ t4
❡t 〈∆x2⊥〉/∆t ❝♦♥st❛♥t ♣♦✉r t > tnl ✭♣❧❛t❡❛✉① ❞❡ ❞✐✛✉s✐♦♥✮✳ ▲❛ ♣r❡♠✐èr❡ ♣❤❛s❡ à t❡♠♣s
❝♦✉rts s✬❡①♣❧✐q✉❡ ❝♦♠♠❡ ❛❝❝é❧ér❛t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ♣❛r ✉♥ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❝♦♥st❛♥t
s✉r ✉♥❡ ❝❡❧❧✉❧❡ ❞❡ ❝♦❤ér❡♥❝❡ ❞❡ t❛✐❧❧❡ ℓc✳ ▲❛ ❞❡✉①✐è♠❡ ♣❤❛s❡ ✐♥❞✐q✉❡ ✉♥❡ ♠❛r❝❤❡ ❛✉ ❤❛s❛r❞
❡♥tr❡ ❞✐✛ér❡♥t❡s ❝❡❧❧✉❧❡s ❡t ❞♦♥❝ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❞✐✛✉s✐❢✳ ❉❛♥s ❧❛ ♣❛rt✐❡ ❡♥❝❛♣s✉❧é❡ ❞❡ ❧❛
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❋✐❣✳ ✹✳✶✿ ➱✈♦❧✉t✐♦♥ ❞❛♥s ❧❡ t❡♠♣s ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ tr❛♥s♣♦rt ♣♦✉r ❞✐✛ér❡♥ts p‖,0/(mc)
❡♥ ❣é♦♠étr✐❡ ✷❉✳ ❈♦✉r❜❡s ❡♥ ✈❡rt ✿ ❞✐r❡❝t✐♦♥ ♣❛r❛❧❧è❧❡ ❀ ❊♥ ❜❧❡✉ ✿ ❞✐r❡❝t✐♦♥ tr❛♥s✈❡rs❡✳ ▲❡s
♣❧❛t❡❛✉① ❞✉ ❝♦❡✣❝✐❡♥t tr❛♥s✈❡rs❡ ❝♦rr❡s♣♦♥❞❡♥t ❛✉ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ à ✉♥ p‖,0/(mc)
❞♦♥♥é ✭❝✳❢✳ ❣r❛♣❤✐q✉❡ ❡♥❝❛♣s✉❧é✮✳
❋✐❣✉r❡ ✹✳✶ ♦♥ ❛✣❝❤❡ ❧❛ ✈❛❧❡✉r ❞✉ ♣❧❛t❡❛✉ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ p||,0✱ ♦❜t❡♥❛♥t ✉♥❡ ❞é♣❡♥❞❛♥❝❡
❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ❡♥ p−1/2||,0 ✳ ▲✬❡①♣❧✐❝❛t✐♦♥ ❞❡ ❝❡ ❝♦♠♣♦rt❡♠❡♥t s❡r❛ ❞♦♥♥é❡ ❞❛♥s ❧❛
s❡❝t✐♦♥ ✹✳✹✳
◆♦✉s ❛✈♦♥s ❛✉ss✐ t❡sté ❧❡ ❝❛s ♦ù p⊥,0 ❡st ♥♦♥ ♥✉❧✳ ❉❛♥s ❝❡ ❝❛s ❧❡ ♣✐é❣❡❛❣❡ ❞❛♥s
❧❡s ❝❡❧❧✉❧❡s ❞❡ ❝♦❤ér❡♥❝❡ ❞✐s♣❛r❛✐t ❡t ✉♥ ♠♦✉✈❡♠❡♥t ❛❧é❛t♦✐r❡ s❡ ♠❡t ❡♥ ♣❧❛❝❡ ❛✈❡❝ ✉♥
❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ tr❛♥s✈❡rs❡ ♣r♦♣♦rt✐♦♥♥❡❧ à |p20|✱ ❝♦♠♠❡ ❧✬✐❧❧✉str❡ ❧❛ ❋✐❣✉r❡ ❬✹✳✷❪✳
▲❛ ❋✐❣✉r❡ ❬✹✳✸❪ ♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡s 〈p2i 〉/p2‖,0 ♣♦✉r ❞✐✛ér❡♥ts p‖,0/(mc) ∈
[1, 104]✳ ▲✬✐♠♣✉❧s✐♦♥ tr❛♥s✈❡rs❡ ✭❧✐❣♥❡s ❜❧❡✉❡s✮✱ ✐♥✐t✐❛❧❡♠❡♥t ♥✉❧❧❡✱ ❛❝q✉✐❡rt s✉r ✉♥ t❡♠♣s
tnl ✉♥❡ ❢r❛❝t✐♦♥ ❞❡ ❧✬✐♠♣✉❧s✐♦♥ ♣❛r❛❧❧è❧❡ ✐♥✐t✐❛❧❡ s✉✐✈❛♥t ❧❛ ❧♦✐ 〈δp2⊥〉 ≃ eE′tℓcp||,0/c ✭❣r❛♣❤❡
❡♥❝❛♣s✉❧é✮✳
❋✐♥❛❧❡♠❡♥t✱ ❧❡ ❣❛✐♥ ❡♥ é♥❡r❣✐❡ ❞❡s ♣❛rt✐❝✉❧❡s 〈∆γ〉 ❡st ✐♥❞é♣❡♥❞❛♥t ❞❡ p||,0 ❡t s✬❡✛❡❝t✉❡
s✉r ❧❡ ♠ê♠❡ t❡♠♣s tnl✳ P♦✉r ❧❡s t❡♠♣s ♣❧✉s ❧♦♥❣✱ ❧✬é♥❡r❣✐❡ r❡st❡ ❝♦♥st❛♥t❡✳ ▲✬❛♠♣❧✐t✉❞❡
♠♦②❡♥♥❡ ❞✉ ❣❛✐♥ ❝♦rr❡s♣♦♥❞ à ♣❡✉ ♣rès à ❝❡❧❧❡ q✉✬✉♥ ♣♦t❡♥t✐❡❧ r♠s ❞✉ ❝❤❛♠♣ t✉r❜✉❧❡♥t
eE′tlc✳
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❋✐❣✳ ✹✳✷✿ ➱✈♦❧✉t✐♦♥ ❞❛♥s ❧❡ t❡♠♣s ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ tr❛♥s♣♦rt ♣♦✉r ❞✐✛ér❡♥ts p0/(mc) ❡♥
❣é♦♠étr✐❡ ✷❉ ❡t ❝♦♥✜❣✉r❛t✐♦♥ ✏t❤❡r♠✐q✉❡✑ ✿ p0 ❡st ♦r✐❡♥té ❞❡ ♠❛♥✐èr❡ ✐s♦tr♦♣❡✳ ❈♦✉r❜❡s
♣❧❡✐♥❡s ✿ ❞✐r❡❝t✐♦♥ ♣❛r❛❧❧è❧❡ ❀ ▲✐❣♥❡s ❡♥ ♣♦✐♥t✐❧❧é❡s ✿ ❞✐r❡❝t✐♦♥ tr❛♥s✈❡rs❡✳ ❊♥ ❞✐r❡❝t✐♦♥
♣❛r❛❧❧è❧❡ ❧❡ ré❣✐♠❡ ❡st t♦✉❥♦✉rs ❜❛❧✐st✐q✉❡✳ ▲❡s ♣❧❛t❡❛✉① ❞✉ ❝♦❡✣❝✐❡♥t tr❛♥s✈❡rs❡ ❝♦rr❡s✲
♣♦♥❞❡♥t ❛✉ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ à ✉♥ p0/(mc) ❞♦♥♥é ❞♦♥t ❧❡s ✈❛❧❡✉rs ❡♥ ❢♦♥❝t✐♦♥ ❞❡
p0/(mc) s♦♥t r❡♣♦rté❡s ❞❛♥s ❧❡ ❣r❛♣❤✐q✉❡ ❡♥❝❛♣s✉❧é✳ ▲❛ ❧✐❣♥❡ ♣❧❡✐♥❡ ✐♥❞✐q✉❡ ❧✬é✈♦❧✉t✐♦♥
❡♥ D⊥ ∝ p20✳
✹✳✸✳✷ ❚✉r❜✉❧❡♥❝❡ ✸❉
❈♦♠♠❡ ♥♦✉s ❛✈♦♥s ✈✉ ♣ré❝é❞❡♠♠❡♥t ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ♣✉r❡♠❡♥t ❜✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞❡
❧❛ t✉r❜✉❧❡♥❝❡ ♥❡ ♣❡r♠❡t ♣❛s ❞❡ r❡♥❞r❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ✐s♦tr♦♣❡ ❡t ♠❡ttr❡ ❡♥
♣❧❛❝❡ ✉♥ s❝❛tt❡r✐♥❣ tr✐❞✐♠❡♥s✐♦♥♥❡❧✳ ▲✬✐♥✈❛r✐❛♥❝❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❞✐r❡❝t✐♦♥ ♣❛r❛❧❧è❧❡ ❜❧♦q✉❡
❧❡ ♣r♦❝❡ss✉s ❞❡ tr❛♥s♣♦rt✳ P❛r ❝♦♥séq✉❡♥t✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ r❡♥❞r❡ ❧❛ t✉r❜✉❧❡♥❝❡ tr✐✲
❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❛✜♥ ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥❡ ♠✐s❡ ❡♥ ❞✐✛✉s✐♦♥✱ ♠ê♠❡ s✐ ❡❧❧❡ ❡st ❧❡♥t❡✳
◆♦✉s ❛❥♦✉t♦♥s ❞♦♥❝ ✉♥❡ ✈❛❧❡✉r ✜♥✐❡ à ❧❛ ❝♦♠♣♦s❛♥t❡ ♣❛r❛❧❧è❧❡ ❞✉ ❝❤❛♠♣ t✉r❜✉❧❡♥t
E′‖ = E
′
⊥/γm ❞❛♥s ❧❡ ❝❛s ❞❡ ❖❚❙■✱ ❛✈❡❝ ✉♥ s❡✉❧ k
′
‖/k
′
⊥ = 1/γm✳ P♦✉r ❧❛ t✉r❜✉❧❡♥❝❡ ❲❡✐❜❡❧
♦♥ ✐♥❝❧✉t ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♠♦❞❡s✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❡q✉❛t✐♦♥s ❞✬♦♥❞❡ ♦r✐❣✐♥❛✉① ✿
E′‖(k
′
‖) = −
k′‖
k
′2
⊥
(k′⊥ ×B′⊥) · βm . ✭✹✳✶✸✮
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❋✐❣✳ ✹✳✸✿ ➱✈♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡s 〈p2i 〉/p2‖,0 ♣♦✉r ❞✐✛ér❡♥ts p‖,0/(mc)✱ ❡♥ ❣é♦♠étr✐❡ ✷❉✳
▲❡s ❝♦♥✈❡♥t✐♦♥s ❞❡ ❝♦✉❧❡✉rs s♦♥t ❧❡s ♠ê♠❡s q✉❡ ❞❛♥s ❋✐❣✳✹✳✶✳ ●r❛♣❤❡ ❡♥❝❛♣s✉❧é ✿ ✈❛❧❡✉rs
❛s②♠♣t♦t✐q✉❡s 〈p2i 〉/p2‖,0 ❡♥ ❢♦♥❝t✐♦♥ ❞❡ p‖,0✳
❈❡❝✐ ❛ss✉r❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞✬é♥❡r❣✐❡ t♦t❛❧❡ ❞❡ ❝❤❛q✉❡ ♣❛rt✐❝✉❧❡ ✭✐✳❡✳ é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ✰
é♥❡r❣✐❡ ❞✉ ❝❤❛♠♣✮✳ P♦✉r ❝❡t ❡♥s❡♠❜❧❡ ❞❡ ♠♦❞❡s ❲❡✐❜❡❧ k′‖/k
′
⊥ ❡st ✉♥ ♣❡t✐t ♣❛r❛♠ètr❡
❛✉ss✐✳
▲❛ ♣❧✉♣❛rt ❞❡ ❝❛❧❝✉❧s ♦♥t été ❢❛✐ts ❛✈❡❝ ❧❡ ♠ê♠❡ t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥ Tmax q✉✬❡♥
t✉r❜✉❧❡♥❝❡ ✷❉✳
❉❛♥s ❧❛ ❋✐❣✉r❡ ✹✳✹ ♦♥ r❡♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ s♣❛t✐❛❧❡ ♣♦✉r
❞✐✛ér❡♥ts p‖,0/(mc) ✐♥✐t✐❛✉①✳ ❖♥ ❛ ❛❞♦♣té ♥✉♠ér✐q✉❡♠❡♥t ❧❛ ✈❛❧❡✉r γm = 30✱ s✉✣s❛♥t❡
♣♦✉r r❡♥❞r❡ ❧❡ s♣❡❝tr❡ ❛♥✐s♦tr♦♣❡ ❡t sé♣❛r❡r ❧❡s é❝❤❡❧❧❡s t❡♠♣♦r❡❧❧❡s ❛ss♦❝✐é❡s ❛✉① ❞✐r❡❝✲
t✐♦♥s tr❛♥s✈❡rs❡ ❡t ♣❛r❛❧❧è❧❡✳ ◆♦✉s r❡♠❛rq✉♦♥s q✉❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❡st s❡♠❜❧❛❜❧❡ ❛✉
❝❛s ✷❉ ✭❋✐❣✉r❡ ✹✳✶✮ ♣♦✉r ❧❡s t❡♠♣s ❝♦✉rts✱ ♠❛✐s à ❧♦♥❣ t❡r♠❡ ❧❡ tr❛♥s♣♦rt tr❛♥s✈❡rs❡
s❡ ❞é♣✐è❣❡✳ P♦✉r ❝♦♥❝❧✉r❡ s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t à ♣❧✉s ❧♦♥❣ t❡r♠❡ ✭❛tt❡✐♥t✲♦♥ ✉♥ ré❣✐♠❡
st❛t✐♦♥♥❛✐r❡ ❄✮ ✐❧ ❢❛✉t ❛❧❧❡r ♣❧✉s ❧♦✐♥ ❞❛♥s ❧❡ t❡♠♣s✳ ❊♥ ❡✛❡t✱ ❧❡ t❡♠♣s ❞✬é✈♦❧✉t✐♦♥ ❡♥ ❞✐✲
r❡❝t✐♦♥ ♣❛r❛❧❧è❧❡ ✭q✉✬♦♥ ❛♣♣❡❧❧❡r❛ tz✮ ❞♦✐t êtr❡ ❜✐❡♥ ♣❧✉s ❧♦♥❣ à ❝❛✉s❡ ❞❡ ❧✬❛♥✐s♦tr♦♣✐❡ ❞✉
✻✽ ✹✳✸✳ ❊❚❯❉❊ ◆❯▼➱❘■◗❯❊ ❉❯ ❚❘❆◆❙P❖❘❚
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❋✐❣✳ ✹✳✹✿ ▼ê♠❡ q✉❡ ❋✐❣✳✹✳✶ ♠❛✐s ❡♥ t✉r❜✉❧❡♥❝❡ ✸❉ ❞❡ t②♣❡ ❖❚❙■✳ ▲❛ ❧✐❣♥❡ ✈❡rt✐❝❛❧❡ ❡♥
♣♦✐♥t✐❧❧é ❞é❧✐♠✐t❡ ❧❡ t❡♠♣s ❞❡ ❝♦❤ér❡♥❝❡ ❧✐♥é❛✐r❡ ❡♥ ❞✐r❡❝t✐♦♥ z ✿ t‖,c = ℓc,‖/c✳
s♣❡❝tr❡✳
❘❡s♣❡❝t✐✈❡♠❡♥t✱ ❧❛ ❋✐❣✉r❡ ✹✳✺ ♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ 〈p2i 〉/p2‖,0 ♣♦✉r p‖,0/(mc) ∈
[1, 104]✳ ❈✬❡st ❧✬éq✉✐✈❛❧❡♥t ✸❉ ❡♥ t✉r❜✉❧❡♥❝❡ ❖❚❙■ ❞❡ ❋✐❣✳ ✹✳✸✳ ▲❛ ✢è❝❤❡ s✉r ❧❛ ✜❣✉r❡
✐♥❞✐q✉❡ ❧❡ p‖,0/(mc) ✐♥✐t✐❛❧ ❝r♦✐ss❛♥t✳ ▲✬ét✉❞❡ ❞❡s rés✉❧t❛ts ✸❉ ♠♦♥tr❡ q✉❡ ❧✬é❝❤❛♥❣❡
❞✬✐♠♣✉❧s✐♦♥ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s ❞✐r❡❝t✐♦♥s ❝♦♠♠❡♥❝❡ à s❡ ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ♣♦✉r ❧❡s t❡♠♣s
tnl < t < tz✱ ❛✉ ❧✐❡✉ ❞❡ r❡st❡r ❛♥✐s♦tr♦♣❡ ❡♥ ré❣✐♠❡ q✉❛s✐✲✷❉✳ ■❝✐ ❡♥❝♦r❡✱ ❧✬✐s♦tr♦♣✐❡
〈p2‖〉 = 〈p2⊥〉 ♥✬❡st ♣❛s ❛tt❡✐♥t❡ ❝❛r ❧❡ t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥ ❡st tr♦♣ ♣❡t✐t✳
❯♥ ❝♦♠♣♦rt❡♠❡♥t ✐♥tér❡ss❛♥t ❡st ♦❜s❡r✈é ♣♦✉r ❧❡s ✐♠♣✉❧s✐♦♥s ✐♥✐t✐❛❧❡s t❡❧❧❡s q✉❡ tnl >
t‖,c ✭✹ ❝♦✉r❜❡s ❜❧❡✉❡s ❞❡ ❜❛s s✉r ❧❛ ✜❣✉r❡✮✳ ❉❛♥s ❝❡ ❝❛s✱ 〈p2⊥〉 r❡st❡ ❜❧♦q✉é à s❛ ✈❛❧❡✉r
✷❉ ❡t ♦♥ ♥❡ ✈♦✐t ♣❛s ❞❡ ❝♦♠♣♦rt❡♠❡♥t q✉✐ ♠è♥❡ à ❧✬✐s♦tr♦♣✐❡ ❞❡s ✐♠♣✉❧s✐♦♥s✳ ❉❛♥s ❝❡
❝❛s ❧❡s ♣❛rt✐❝✉❧❡s ♦♥t ✉♥ ♠♦✉✈❡♠❡♥t ❜❛❧✐st✐q✉❡ ❡♥ ❞✐r❡❝t✐♦♥ ♣❛r❛❧❧è❧❡ ❡♥ ❡✛❡❝t✉❛♥t ❞❡s
♦s❝✐❧❧❛t✐♦♥s ❞❛♥s ❧❡ ♣❧❛♥ tr❛♥s✈❡rs❡✳
▲❡s ❡st✐♠❛t✐♦♥s ❞✉ ❝♦♠♣♦rt❡♠❡♥t à ❧♦♥❣ t❡r♠❡✱ ❝♦♠♠❡ ❧❛ ❞✐✛✉s✐♦♥ s♣❛t✐❛❧❡ ❡t ❧✬✐s♦✲
tr♦♣✐❡ ❡♥ ✐♠♣✉❧s✐♦♥s✱ ❞❡♠❛♥❞❡♥t ❞❡ ❢❛✐r❡ ❧❡s s✐♠✉❧❛t✐♦♥s s✉r ✉♥ t❡♠♣s s✉♣ér✐❡✉r à tz✳
❈❍❆P■❚❘❊ ✹✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆▼❖◆❚ ❉❯ ❈❍❖❈ ✻✾
10
!1
10
0
10
1
10
2
10
3
10
4
10
!8
10
!6
10
!4
10
!2
10
0
3D : ! p
i
2" /p
||,0
2
 as function of time. Blue : # direction, Green : || direction
t
! 
 p
i2
" 
/p
||,
0
2
❋✐❣✳ ✹✳✺✿ ▼ê♠❡ q✉❡ ❋✐❣✳✹✳✸ ♠❛✐s ❡♥ t✉r❜✉❧❡♥❝❡ ✸❉ ❞❡ t②♣❡ ❖❚❙■✳ ▲❛ ❧✐❣♥❡ ✈❡rt✐❝❛❧❡ ❡♥
♣♦✐♥t✐❧❧é ❞é❧✐♠✐t❡ ❧❡ t❡♠♣s ❞❡ ❝♦❤ér❡♥❝❡ ❧✐♥é❛✐r❡ ❡♥ ❞✐r❡❝t✐♦♥ z ✿ t‖,c = ℓc,‖/c✳
❈❡❝✐ ❡st très ❞❡♠❛♥❞❡✉r ❡♥ t❡♠♣s ❞❡ ❝❛❧❝✉❧ ❡t ♥♦✉s ♥✬❡♥ ❛✈♦♥s ❡✛❡❝t✉é q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡
p‖,0/mc = 1✳ ▲❡s rés✉❧t❛ts s♦♥t ♣rés❡♥tés ❞❛♥s ❧❛ ❋✐❣✳ ✹✳✻ ♣♦✉r ❧❛ t✉r❜✉❧❡♥❝❡ ❞❡ t②♣❡ ❖❚❙■
✭❣r❛♣❤❡ ❞❡ ❣❛✉❝❤❡✮ ❡t ❲❡✐❜❡❧ ✭❞r♦✐t❡✮✳ ❊♥ ❛❞♦♣t❛♥t ✉♥❡ ✈❛❧❡✉r γm = 10 ♣♦✉r ré❞✉✐r❡ ♥✉✲
♠ér✐q✉❡♠❡♥t ❧❡ t❡♠♣s tz ♥♦✉s ♦❜s❡r✈♦♥s ❧❛ ♠✐s❡ ❡♥ éq✉✐♣❛rt✐t✐♦♥ ❞❡ t♦✉t❡s ❧❡s ✐♠♣✉❧s✐♦♥s
〈p2i 〉✱ ♠✐s❡ ❡♥ ❞✐✛✉s✐♦♥ s♣❛t✐❛❧❡✱ ❛✐♥s✐ q✉✬✉♥ ❣❛✐♥ é♥❡r❣ét✐q✉❡ ❞❡ ♠ê♠❡ ❛♠♣❧✐t✉❞❡ q✉✬❡♥
✷❉✳ ▲❡s ❞❡✉① ✜❣✉r❡s s♦♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t s❡♠❜❧❛❜❧❡s✱ ✐❧❧✉str❛♥t q✉❡ ❧❛ ❞②♥❛♠✐q✉❡ ❡♥ t✉r✲
❜✉❧❡♥❝❡ ❲❡✐❜❡❧ ❡t ❖❚❙■ ❡st s❡♠❜❧❛❜❧❡ q✉❛♥❞ ♦♥ s❡ ♣❧❛❝❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ♣❛q✉❡t
❞✬♦♥❞❡✳ ❊♥ ❡✛❡t✱ ❧❡s éq✉❛t✐♦♥s ❞❡ ♠♦✉✈❡♠❡♥t s❡ r❛♠è♥❡♥t à ❧❛ ♠ê♠❡ ❢♦r♠❡ q✉❡ ❝❡ s♦✐t
❡♥ ✷❉ ♦✉ ✸❉✳ ▲❛ s❡✉❧❡ ❞✐✛ér❡♥❝❡ r❡st❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬é♥❡r❣✐❡ ❡♥ ♥♦♠❜r❡s ❞✬♦♥❞❡✱ ✜①é❡
à ✉♥ s❡✉❧ k‖ ♣♦✉r ❖❚❙■ ❡t ❞✐str✐❜✉é❡ s✉r ✉♥❡ étr♦✐t❡ r❛♥❣é❡ ❞❡s ♥♦♠❜r❡s ❞✬♦♥❞❡ ❞❛♥s ❧❡
❝❛s ❲❡✐❜❡❧✳
❊♥ ❛♥❛❧②s❛♥t ❞❡ ♣rès ❧❛ ❋✐❣✳ ✹✳✻ ♦♥ ♣❡✉t ✈♦✐r ❞❡✉① ♣❤❛s❡s ✿ ✉♥❡ ♣❤❛s❡ r❛♣✐❞❡ ✭t < tnl✮
♦ù ❧❡ ❣❛✐♥ ❡♥ é♥❡r❣✐❡ s❛t✉r❡ ❡t ❧✬✐♠♣✉❧s✐♦♥ tr❛♥s✈❡rs❡ r❡ç♦✐t ✉♥ ❢♦rt s❛✉t ❡t ✉♥❡ ♣❤❛s❡
❧♦♥❣✉❡ ✭t > tz✮ ♦ù t♦✉t❡s ❧❡s ✐♠♣✉❧s✐♦♥s ♦♥t à ♣❡✉ ♣rès ❧❛ ♠ê♠❡ ✈❛❧❡✉r ❡t ❧❛ ❞✐✛✉s✐♦♥
✼✵ ✹✳✹✳ ❊❚❯❉❊ ❆◆❆▲❨❚■◗❯❊
10
!1
10
0
10
1
10
2
10
3
10
4
10
!4
10
!3
10
!2
10
!1
10
0
10
1
10
2
t
OTSI 3D : p
||,0
 / mc =1, !
w
=10
" p
#
2 $ /p
||,0
2
" % !$
t
nl
 
" % x
||
2$ /% t
" p
||
2$ /p
||,0
2
" % x
#
2 $ /% t
~t
z
 l||
/c 
10
!1
10
0
10
1
10
2
10
3
10
4
10
!4
10
!3
10
!2
10
!1
10
0
10
1
10
2
10
3
t
Weibel 3D: p
||,0
/mc=1, !
w
=10
" p
||
2
 # / p
||,0
2
" $ ! #
" $ x
%
2
 # / $ t
t
nl
 
" $ x
||
2
 # / $ t
~t
z
 l
||
/c 
" p
%
2
 # / p
||,0
2
❋✐❣✳ ✹✳✻✿ ❊✈♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ❞✐✛ér❡♥t❡s q✉❛♥t✐tés ❡♥ t✉r❜✉❧❡♥❝❡ ❞❡ t②♣❡ ❖❚❙■ ✸❉
✭❣❛✉❝❤❡✮ ❡t ❲❡✐❜❡❧ ✸❉ ✭❞r♦✐t❡✮✳ ■♥✐t❛❧❡♠❡♥t✱ p‖,0 = mc ❡st ♣r✐s ✐❝✐✳ ❚r♦✐s t❡♠♣s ❝❛r❛❝té✲
r✐st✐q✉❡s s♦♥t ❞é❧✐♠✐tés ♣❛r ❧❡s ❧✐❣♥❡s ✈❡rt✐❝❛❧❡s ♣♦✐♥t✐❧❧é❡s✳
s♣❛t✐❛❧❡ s❡ ♠❡t ❡♥ ♣❧❛❝❡ ❞❛♥s t♦✉t❡s ❧❡s ❞✐r❡❝t✐♦♥s✳ ◆♦t♦♥s q✉❡ ❧❡ r❛♣♣♦rt ❡♥tr❡ ❞❡✉① ❝♦❡❢✲
✜❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ s♣❛t✐❛❧❡ D‖/D⊥ ❞❡✈r❛✐t êtr❡ ❞❡ ❧✬♦r❞r❡ ❞❡ γm✱ ❝♦♠♠❡ ❧❛ s②♠étr✐❡ ❞❡
❧❛ t✉r❜✉❧❡♥❝❡ ❧❡ ❧❛✐ss❡r❛✐t ♣❡♥s❡r✳ ◆é❛♥♠♦✐♥s✱ ❧❛ s✐♠✉❧❛t✐♦♥ ❞♦♥♥❡ ✉♥❡ ✈❛❧❡✉r ♣❧✉s ❣r❛♥❞❡
55 > γm✳ ❉❡s s✐♠✉❧❛t✐♦♥s ❞é❞✐é❡s✱ ❡♥ ❢❛✐s❛♥t ✈❛r✐❡r γm✱ ✐♥❞✐q✉❡♥t q✉❡ D‖/D⊥ ∝ γ2m ♣♦✉r
p0 = mc ❛✉ ❧✐❡✉ ❞✬✉♥❡ é✈♦❧✉t✐♦♥ ❧✐♥é❛✐r❡✳ ▲✬❡①♣❧✐❝❛t✐♦♥ q✉❡ ♥♦✉s tr♦✉✈♦♥s ❧❛ ♣❧✉s ♣❧❛✉✲
s✐❜❧❡ s❡r❛✐t ❞❛♥s ❧❡ ♣❡t✐t❡ss❡ ❞❡ p0✳ ❯♥❡ ✈❛❧❡✉r ♣❧✉s ❣r❛♥❞❡ ❞♦♥♥❡r❛✐t ✉♥ ❝♦♠♣♦rt❡♠❡♥t
❧✐♥é❛✐r❡ ❛tt❡♥❞✉ ♣✉✐sq✉❡ ❧❡ ré❣✐♠❡ ❛tt❡♥❞✉ ♥❡ s❡r❛✐t ♣❛s ❛tt❡✐♥t ♣♦✉r ❞❡s ✈❛❧❡✉rs ❞❡ γw ♣❛s
❛ss❡③ ❣r❛♥❞❡s✳ P♦✉r ❞❡s ✐♠♣✉❧s✐♦♥s ✐♥✐t✐❛❧❡s ♣❧✉s ❣r❛♥❞❡s ✐❧ ♥❡ ♥♦✉s ❛ ♣❛s été ♣♦ss✐❜❧❡ ❞❡
❢❛✐r❡ ❞❡s s✐♠✉❧❛t✐♦♥s✱ ❡♥ r❛✐s♦♥ ❞✬✉♥ t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥ tr♦♣ ❣r❛♥❞ q✉✬❡❧❧❡s ❞❡♠❛♥❞❡♥t✳
P❛r ❝♦♥séq✉❡♥❝❡✱ ♥♦✉s t✐❡♥❞r♦♥s ❝♦♠♣t❡ ❞❡ ❝❡ ❝♦♠♣♦rt❡♠❡♥t ❞❛♥s ✉♥ ❢❛❝t❡✉r χ ✿ s✐ ❧❡
ré❣✐♠❡ ❧✐♥é❛✐r❡✱ ❛tt❡♥❞✉✱ s✬❛♣♣❧✐q✉❡ ❛❧♦rs χ ∼ γm ❡t✱ s✐ χ ∼ γ2m ❧❡ ré❣✐♠❡ ♦❜t❡♥✉ ❞❛♥s ❧❡s
s✐♠✉❧❛t✐♦♥s s✬❛♣♣❧✐q✉❡✳
P❛ss♦♥s ♠❛✐♥t❡♥❛♥t à ❧❛ ❞❡s❝r✐♣t✐♦♥ t❤é♦r✐q✉❡ ❞✉ tr❛♥s♣♦rt✱ q✉✐ ❞♦✐t ❝♦rr♦❜♦r❡r ❧❡s
rés✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s✳
✹✳✹ ❊t✉❞❡ ❛♥❛❧②t✐q✉❡
✹✳✹✳✶ ❚✉r❜✉❧❡♥❝❡ ✷❉
❘❡❝♦♥s✐❞ér♦♥s ❧❡ s②stè♠❡ ❞✬éq✉❛t✐♦♥s ❞❡ ♠♦✉✈❡♠❡♥t ✹✳✶✷ ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❛♥❛❧②t✐q✉❡✳
❆ ❝❛✉s❡ ❞❡ ❧❛ ❞é♣❡♥❞❛♥❝❡ ❞❡ ❞❡✉① ❝♦♦r❞♦♥♥é❡s s♣❛t✐❛❧❡s ✭①✱②✮✱ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ♣❛rt✐✲
❝✉❧❡s ♣rés❡♥t❡ ❞❡✉① ✐♥✈❛r✐❛♥ts ✿ é♥❡r❣✐❡s t♦t❛❧❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ s♦✉s ❢♦r♠❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥
❞❡ ❍❛♠✐❧t♦♥ H = ǫ(p) + qΦ(x, y) ❡t ❧✬✐♠♣✉❧s✐♦♥ ❣é♥ér❛❧✐sé❡ πz = pz + qAz(x, y)/c✳ ❈❡s
❈❍❆P■❚❘❊ ✹✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆▼❖◆❚ ❉❯ ❈❍❖❈ ✼✶
❞❡✉① q✉❛♥t✐tés s♦♥t r❡❧✐é❡s ♣❛r ❧✬é❣❛❧✐té ❡♥tr❡ ❧❡ ♣♦t❡♥t✐❡❧ ✈❡❝t❡✉r ❡t ❧❡ ♣♦t❡♥t✐❡❧ s❝❛❧❛✐r❡
Az(x, y) = Φ(x, y)✱ à ❝❛✉s❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞❡s ❡q✉❛t✐♦♥s ❞❡ ♠♦✉✈❡♠❡♥t ✹✳✶✷ ❞❛♥s ❧❡ ré❢é✲
r❡♥t✐❡❧ ❞✉ ♣❛q✉❡t ❞✬♦♥❞❡✳ ▲✬✐♥✈❛r✐❛♥t πz ✈✐❡♥t ❞❡ ❧✬éq✉❛t✐♦♥ s✉r pz ❡t ❧✬✐♥✈❛r✐❛♥t ❞✬é♥❡r❣✐❡
✈✐❡♥t ❞✉ ❢❛✐t q✉❡ ❧❡ ❝❤❛♠♣ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❡st st❛t✐♦♥♥❛✐r❡✳ ■❧ ❡st ❞♦♥❝ ✐♠♣♦rt❛♥t ❞❡
♥♦t❡r ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧✬é♥❡r❣✐❡ ♣r♦♣r❡ ❛ttr✐❜✉é❡ à ✉♥❡ ♣❛rt✐❝✉❧❡ ❛✉ ❞é❜✉t ❞✉ ❝❛❧❝✉❧
♥✉♠ér✐q✉❡ ǫ(p) ❡t s♦♥ é♥❡r❣✐❡ t♦t❛❧❡✱ ❛✉ s❡♥s ❤❛♠✐❧t♦♥✐❡♥✳
P❛r ❧❛ s✉✐t❡ ♦♥ ❞é✜♥✐t ❧✬é♥❡r❣✐❡ ❝❛r❛❝tér✐st✐q✉❡ ❞✉ ❝❤❛♠♣ ❝♦♠♠❡ ǫ0 ≡ eE¯′ℓc✱ ♦ù E¯′
❡st ❧❛ ✈❛r✐❛t✐♦♥ r♠s ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❞❡ ❧✬♦♥❞❡✱ ♠❡s✉ré❡ ❞❛♥s ❧❡ r❡♣èr❡ ❞✉ ♣❛q✉❡t
❞✬♦♥❞❡ ❡t ℓc ❡st ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡ ❞❛♥s ❧❡ ♣❧❛♥ tr❛♥s✈❡rs❡✳
▲❡s ✈❛r✐❛t✐♦♥s ❞✬é♥❡r❣✐❡ s♦♥t ❛❧♦rs ❜✐❡♥ ❞é✜♥✐❡s à ♣❛rt✐r ❞❡s ♣r♦♣r✐étés ❞✉ ❝❤❛♠♣ ✿
∆ǫ = ∆pzc = e∆φ✱ ♦ù ∆φ ❡st ❧❛ ✈❛❧❡✉r r♠s ❞❡ ❧✬é♥❡r❣✐❡ ❝♦♥t❡♥✉❡ ❞❛♥s ❧❛ t✉r❜✉❧❡♥❝❡✳
▲✬❡s♣❛❝❡ ❞❡s ♣❤❛s❡s ❡st ❝♦♥✜♥é à ✉♥❡ ré❣✐♦♥ r❡str❡✐♥t❡ ❡t ❝❡rt❛✐♥s ♣r♦❝❡ss✉s ❞❡ ❞✐✛✉s✐♦♥
s♦♥t ✐♥❤✐❜és✳ P❛r ❡①❡♠♣❧❡✱ ✐❧ ♥❡ ♣❡✉t ② ❛✈♦✐r ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ❞✐r❡❝t✐♦♥ ♣❛r❛❧❧è❧❡✱ ♥✐ ❞❡
❝r♦✐ss❛♥❝❡ ❞❡ ❧✬é♥❡r❣✐❡ t♦t❛❧❡✳ ❖♥ ♣❡✉t ❛✉ss✐ ❞ér✐✈❡r ❧❡ ❣❛✐♥ ♠♦②❡♥ ❡♥ ✐♠♣✉❧s✐♦♥ tr❛♥s✈❡rs❡
s✐ p⊥,0 = 0 ✿
2(ǫ0 − pz,0c)δǫ = c2(δp⊥)2 . ✭✹✳✶✹✮
❖ù ♦♥ ❛ ❞é✜♥✐ δǫ = ǫ− ǫ0✱ δpz = pz − pz,0✱ δp⊥ = p⊥ − p⊥,0✳
❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s é❧❡❝tr♦♥s t❤❡r♠✐q✉❡s ❞✉ ♣❧❛s♠❛ ❞❡ ❢♦♥❞✱ ✉♥❡ t❡❧❧❡ ✈❛r✐❛t✐♦♥
❞✬é♥❡r❣✐❡ ♣❡r♠❡t ❞❡ ❧❡✉r tr❛♥s❢ér❡r ✉♥❡ q✉❛♥t✐té ❞✬é♥❡r❣✐❡ ✐♠♣♦rt❛♥t❡✱ ❝♦♠♠❡ ♦♥ ❧❡ ✈❡rr❛
♣❧✉s ❧♦✐♥✳
❚r❛♥s♣♦rt s♣❛t✐❛❧ P❛ss♦♥s à ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞✉ tr❛♥s♣♦rt s♣❛t✐❛❧✳ ▲❡s ♠♦✉✈❡♠❡♥ts
tr❛♥s✈❡rs❡s✱ ❞é♣♦✉r✈✉s ❞❡ rés♦♥❛♥❝❡ ❧✐♥é❛✐r❡ ❛✈❡❝ ❧❡ s♣❡❝tr❡ t✉r❜✉❧❡♥t✱ s♦♥t ré❣✐s ♣❛r ❧❡
❝♦♥t✐♥✉✉♠ ❞❡ ❋♦✉r✐❡r✳ ❆ ❝❤❛q✉❡ tr❛✈❡rsé❡ ❞✬✉♥❡ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡ ❧❛ ♣❛rt✐❝✉❧❡ s✉❜✐t
✉♥ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ à ♣❡✉ ♣rès ❝♦♥st❛♥t ❡t r❡ç♦✐t st❛t✐st✐q✉❡♠❡♥t ✉♥ à✲❝♦✉♣ ❞❡ c∆p⊥ ∼
ǫo✳ ❈♦♠♠❡ ❝❡❧✉✐✲❝✐ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ♣❡t✐t q✉❡ (ǫopz,0)1/2 ❧❡ ♠♦✉✈❡♠❡♥t tr❛♥s✈❡rs❡ ♣❡✉t
êtr❡ ❛♣♣r♦①✐♠é ♣❛r
∆x⊥ ≃ 1
2
eEt
pz,0
ct2 + vt(0)t , ✭✹✳✶✺✮
❛✈❡❝ v⊥ ≃ cp⊥/pz,0✳ ❖♥ ♦❜t✐❡♥t ❛✐♥s✐ ❧❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ♥♦♥✲❧✐♥é❛✐r❡ tnl ≡ ℓcc (
2pz,0c
ǫo
)1/2✱
❡♥ ♣♦s❛♥t x⊥ = ℓc✳ ❈✬❡st ❧❡ t❡♠♣s ♠✐s ♣❛r ❧❛ ♣❛rt✐❝✉❧❡ ♣♦✉r tr❛✈❡rs❡r ✉♥❡ ❧♦♥❣✉❡✉r ❞❡
❝♦❤ér❡♥❝❡ q✉❛♥❞ pz,0c ≫ ǫo✳ ❖♥ ❞é✜♥✐t ❛✐♥s✐ ❧✬é❝❤❡❧❧❡ ❞❡ t❡♠♣s ♣♦✉r ❞é✲❝♦rré❧❡r ❧❛ tr❛✲
❥❡❝t♦✐r❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡t ❧❛ ❞é✢é❝❤✐r ❞✬✉♥ ❛♥❣❧❡ θi ❞❛♥s ❧❡ ♣❧❛♥ tr❛♥s✈❡rs❡✳ ❆♣rès n ✏♣❛s✑
❞❡ t❛✐❧❧❡ ℓc ❧❡ ❞é♣❧❛❝❡♠❡♥t ❡st ❝❡❧✉✐ ❞✬✉♥❡ ♠❛r❝❤❡ ❛✉ ❤❛s❛r❞ ✿
〈∆x2⊥〉 = ℓ2c〈cos2 θi〉 ≃
1
2
ℓ2cn , ✭✹✳✶✻✮
✼✷ ✹✳✹✳ ❊❚❯❉❊ ❆◆❆▲❨❚■◗❯❊
❛✈❡❝ n ≃ t/tnl✳ ▲❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ tr❛♥s✈❡rs❡ ❡st ❛❧♦rs
D⊥ ≃ 1
4
ℓ2c
tnl
∝ p−1/2z,0 . ✭✹✳✶✼✮
❘❡♠❛rq✉♦♥s ❧✬❡①✐st❡♥❝❡ ❞❡s ré❣✐♠❡s ❞❡ tr❛♥s♣♦rt ❞✐✛ér❡♥ts q✉❛♥❞ p⊥,0 > ǫo✳ ❉❛♥s ❝❡
❝❛s ❧❡s ✈❛r✐❛t✐♦♥s ❞✉ ♠♦❞✉❧❡ ❞❡ p⊥ s♦♥t ❢❛✐❜❧❡s ♠❛✐s ❧✬❛♥❣❧❡ s✉❜✐t ❞❡s ✈❛r✐❛t✐♦♥s ❛❧é❛t♦✐r❡s
❞❡ ♣❡t✐t❡ ❛♠♣❧✐t✉❞❡✳ ▲❡ t❡♠♣s ❞❡ ❞✐✛✉s✐♦♥ ❞❡✈✐❡♥t ♣❧✉s ❧♦♥❣ q✉❡ tnl✱ ❝❛r ❧✬❡✛❡t ❞❡ ♣✐é❣❡❛❣❡
❞❛♥s ✉♥❡ ❝❡❧❧✉❧❡ ❞❡ ❝♦❤ér❡♥❝❡ ❞✐s♣❛r❛✐t✳ ▲❛ t❤é♦r✐❡ ❞❡ ❞✐✛✉s✐♦♥ à ♣❡t✐t ❛♥❣❧❡ ❞♦♥♥❡ ❛❧♦rs ✿
D⊥ ∼ 1
4
ℓ2c
tnl
(
p⊥c
ǫo
)2 , ✭✹✳✶✽✮
s✐ p⊥,0c≪ (ǫopz,0)1/2 ❡t
D⊥ ∼ 1
4
vtℓc(
p⊥c
ǫo
)2 ✭✹✳✶✾✮
s✐ ptc≫ (ǫopz,0)1/2✳
❈❡tt❡ t❤é♦r✐❡ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s rés✉❧t❛ts ♥✉♠ér✐q✉❡s ❡t ❡♥ ❞♦♥♥❡ ✉♥❡ ❡①♣❧✐❝❛t✐♦♥
♣❤②s✐q✉❡ s✐♠♣❧❡✳
✹✳✹✳✷ ❚✉r❜✉❧❡♥❝❡ ✸❉
❈♦♥s✐❞ér♦♥s ♠❛✐♥t❡♥❛♥t ❧❡ ❝❛s ✸❉ ✭❝♦♠♣♦s❛♥t❡ ♣❛r❛❧❧è❧❡ ♥♦♥✲♥✉❧❧❡ ♠❛✐s ❞✬❛♠♣❧✐t✉❞❡
❢❛✐❜❧❡✮✳ ▲❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ❞✐r❡❝t✐♦♥ z s❡r❛ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ♣❧✉s
❧♦♥❣ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ γm ❢♦✐s ♣❧✉s ❣r❛♥❞❡ ❡t ✐♥t❡♥s✐té γm ❢♦✐s ♣❧✉s ❢❛✐❜❧❡✳
P♦✉r ❧✬❖❚❙■✱ ✉♥ s❡✉❧ ♠♦❞❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❡st ✐♠♣❧✐q✉é ❛✈❡❝ kz = δ−1e ❡t ✉♥ ❝♦♥t✐♥✉✉♠ ❞❡
♥♦♠❜r❡s ❞✬♦♥❞❡ ♣❡t✐ts ✭kz ≤ k⊥/γm✮ ♣♦✉r ❧❡s ♠♦❞❡s ❲❡✐❜❡❧✳ ❉❛♥s ❧❡ r❡♣èr❡ ❞✉ ♣❛q✉❡t
❞✬♦♥❞❡s ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ℓ′‖ ≃ γmℓ‖ ✭❛✈❡❝ ℓ‖ ∼ ℓ⊥ ♣♦✉r ❧❡s ♠♦❞❡s
❖❚❙■ ❞❛♥s ❧❡ r❡♣èr❡ ❛✉ r❡♣♦s✮✳ ❖♥ ❛ ❞♦♥❝ ℓ′‖ ≃ γmℓ′⊥✳ P♦✉r ❧❡s ♠♦❞❡s ❲❡✐❜❡❧ ℓ‖ > ℓ⊥ ❡t
❞♦♥❝ ℓ′‖/ℓ
′
⊥ > γm✳
▲✬✐♥✈❛r✐❛♥❝❡ ❞❡ ❧✬✐♠♣✉❧s✐♦♥ ❣é♥ér❛❧✐sé ❡♥ ❞✐r❡❝t✐♦♥ z ✭πz✮ ❡st ♠❛✐♥t❡♥❛♥t ❜r✐sé❡ ❡t ❧❛
♣❛rt✐❝✉❧❡ ♣❡✉t ❞✐✛✉s❡r ❞❛♥s t♦✉t❡s ❧❡s ❞✐r❡❝t✐♦♥s✳ ■❧ r❡st❡ ♣♦✉rt❛♥t ❧❡ ❧✐♠✐t❛t✐♦♥ é♥❡r❣é✲
t✐q✉❡ ❝❛r ❧✬é♥❡r❣✐❡ t♦t❛❧❡ ❡st t♦✉❥♦✉rs ❝♦♥s❡r✈é❡✳ ■❧ ♥❡ ♣❡✉t t♦✉❥♦✉rs ② ❛✈♦✐r ❞❡ ❞✐✛✉s✐♦♥
❡♥ é♥❡r❣✐❡✳
P✉✐sq✉❡ ℓ′‖ ≃ γmℓ′⊥ ❧❡ ♠♦✉✈❡♠❡♥t s♣❛t✐❛❧ ❡♥ ❞✐r❡❝t✐♦♥ z ♣r❡♥❞r❛ ✉♥ t❡♠♣s ❧♦♥❣ à
❞❡✈❡♥✐r ❞✐✛✉s✐❢✳ ❖♥ ♣❡✉t ❡st✐♠❡r ❝❡ t❡♠♣s ❡♥ ❝♦♥s✐❞ér❛♥t ❞❡s ❞é✢❡①✐♦♥s à ♣❡t✐ts ❛♥❣❧❡s
♠❛✐s s✉r ❧❡s ❝❡❧❧✉❧❡s ❞❡ ❝♦❤ér❡♥❝❡ ❞❡ t❛✐❧❧❡ ℓ′‖✱ ❝❡ q✉✐ ❞♦♥♥❡
tz ≃
ℓ′‖
c
(
p‖,0c
eE′zℓ′‖
)2
≃
ℓ′‖
ℓ′⊥
ℓ′⊥
c
(
p‖,0c
ǫ0
)2
≃ χℓ
′
⊥
c
(
p‖,0c
ǫ0
)2
. ✭✹✳✷✵✮
❈❍❆P■❚❘❊ ✹✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆▼❖◆❚ ❉❯ ❈❍❖❈ ✼✸
❆✈❡❝ E′zℓ′‖ ≃ E′⊥ℓ′⊥ ♣♦✉r ❧❡s ♠♦❞❡s ❖❚❙■ ❡t ❲❡✐❜❡❧ ❝❛r ∇×E′ = 0 ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞❡
❧✬♦♥❞❡✳ ▲❡ ❢❛❝t❡✉r χ✱ ✐ss✉ ❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ❡st ✐♥tr♦❞✉✐t ❞❛♥s ❝❡tt❡ ❡st✐♠❛t✐♦♥✳
❙✉r ❧❡s é❝❤❡❧❧❡s ❞❡ t❡♠♣s ❝♦✉rt❡s ♥♦✉s ♥♦✉s ❛tt❡♥❞♦♥s à r❡tr♦✉✈❡r ❧❡ ♠ê♠❡ ❝♦♠♣♦rt❡✲
♠❡♥t q✉✬❡♥ ✷❉ ✭❞✐✛✉s✐♦♥ tr❛♥s✈❡rs❡ ❡t ré❣✐♠❡ ❜❛❧✐st✐q✉❡ ❡♥ z✮✳ ❙✉r ❞❡s t❡♠♣s ♣❧✉s ❧♦♥❣s
q✉❡ tz ❧❛ ❞✐✛✉s✐♦♥ ❞❛♥s t♦✉t❡s ❧❡s ❞✐r❡❝t✐♦♥s ❞♦✐t s❡ ♠❡ttr❡ ❡♥ ♣❧❛❝❡✱ ❛✈❡❝
D⊥ =
1
3
ℓ′⊥c
(
p‖c
ǫ0
)2
D‖ =
ℓ′‖
ℓ′⊥
D⊥ ≃ χD⊥ . ✭✹✳✷✶✮
❈♦♠♠❡ ♣ré❝é❞❡♠♠❡♥t ♥♦✉s ❛✈♦♥s s✉♣♣♦sé ❧❛ ❞é✢❡①✐♦♥ à ♣❡t✐ts ❛♥❣❧❡s s✉r ❝❤❛q✉❡
❝❡❧❧✉❧❡ ❞❡ ❝♦❤ér❡♥❝❡✱ ❛✈❡❝ δθ ∼ ǫ0/p‖,0c✳
✹✳✺ ■♠♣❧✐❝❛t✐♦♥s ❛✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡
✹✳✺✳✶ ❈❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s
▲❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❞❡s ✐♥st❛❜✐❧✐tés ❝♦♥tr✐❜✉❡ à ❝❤❛✉✛❡r ❧❡s é❧❡❝tr♦♥s ❞✬✉♥❡ ♣❛rt ❡t
r❛❧❡♥t✐r ❧❡ ✢♦t ❞❡s ♣r♦t♦♥s ✐♥❝✐❞❡♥ts✱ ❞✬❛✉tr❡ ♣❛rt✳ ❈♦♥s✐❞ér♦♥s ❧✬❡✛❡t ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡
❞❡s ♠♦❞❡s ❲❡✐❜❡❧✱ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✬♦♥❞❡✱ s✉r ❧❡s é❧❡❝tr♦♥s ❢r♦✐❞s ❞✉ ♣❧❛s♠❛ ❛♠♦♥t✳ ▲❛
t❡♠♣ér❛t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❛✉❣♠❡♥t❡ t❛♥t q✉❡ ❧✬é♥❡r❣✐❡ t❤❡r♠✐q✉❡ ❡st ✐♥❢ér✐❡✉r❡ à e∆Φ′ =
eE¯′ℓ⊥✳ ❈❡❝✐ ♣❛r❝❡ q✉❡ ❧✬é♥❡r❣✐❡ t♦t❛❧❡ ❞❡ ❝❤❛q✉❡ ♣❛rt✐❝✉❧❡ ❞❛♥s ❝❡ ré❢ér❡♥t✐❡❧ ❡st ❝♦♥s❡r✈é❡✱
❝♦♠♠❡ ❞✐s❝✉té ❞❛♥s ❧❛ s❡❝t✐♦♥ ♣ré❝é❞❡♥t❡✳ ▲✬é♥❡r❣✐❡ ❧✐♠✐t❡ ❡st ❛❧♦rs
ǫ¯′ = eE¯′ℓ⊥ = ξ
1/2
B γm
ℓ⊥
δi
mpc
2 . ✭✹✳✷✷✮
❖ù ξB ❡st ❧❡ ❢❛❝t❡✉r ❞❡ ❝♦♥✈❡rs✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞✉ ❝❤♦❝ ❡♥ t✉r❜✉❧❡♥❝❡ é❧❡❝✲
tr♦♠❛❣♥ét✐q✉❡✳ ❘❡✈❡♥❛♥t ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ♣❧❛s♠❛ ❛✉ r❡♣♦s ✭❛♠♦♥t✮✱ ❝❡tt❡ é♥❡r❣✐❡
t❤❡r♠✐q✉❡ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ❢r❛❝t✐♦♥ ♥♦♥✲♥é❣❧✐❣❡❛❜❧❡ ❞❡ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞❡s ♣r♦t♦♥s
Te,lim = ǫ¯
′✳ ▲❛ t❛✐❧❧❡ ❞❡s ✜❧❛♠❡♥ts tr❛♥s✈❡rs❡ ❛❝❝r♦✐t s♦✉s ❧✬❡✛❡t ❞✉ ❝❤❛✉✛❛❣❡ é❧❡❝tr♦♥✐q✉❡
ℓ⊥ =
√
γth,eδe✳ ▲❡ ❝❤❛✉✛❛❣❡ ♠❛①✐♠❛❧ ❝♦rr❡s♣♦♥❞ à ❧❛ s✉❜✲éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝
ℓ⊥ ∼ ξ1/2B δi ✭✹✳✷✸✮
Te,lim ≃ ξBmpc2
❈❡ ❝❤❛✉✛❛❣❡ tr❛♥s✐t♦✐r❡ ♥✬❡st ♣❛s ✉♥ ♣r♦❝❡ss✉s ❞❡ ❞✐✛✉s✐♦♥ ♠❛✐s ✉♥❡ ❛❝❝é❧ér❛t✐♦♥
❧✐♥é❛✐r❡ à tr❛✈❡rs ✉♥❡ ❝❡❧❧✉❧❡ ❞❡ ❝♦❤ér❡♥❝❡✳ ■❧ s❡ ♣r♦❞✉✐t s✉r ✉♥ t❡♠♣s t②♣✐q✉❡ tnl ❝♦rr❡s✲
♣♦♥❞❛♥t ❞❛♥s ❧❡s ❝❛s ❞✬é❧❡❝tr♦♥s t❤❡r♠✐q✉❡s à ℓ⊥/c✳ ❈❡ ♣r♦❝❡ss✉s ❡st ✉♥ ❝❛s ♣❛rt✐❝✉❧✐❡r
✼✹ ✹✳✺✳ ■▼P▲■❈❆❚■❖◆❙ ❆❯ ❈❍❖❈ ❘❊▲❆❚■❱■❙❚❊
❞❡ ❝❤❛✉✛❛❣❡ é❧❡❝tr♦♥✐q✉❡ s♦✉s ❧✬❡✛❡t ❞✬♦s❝✐❧❧❛t✐♦♥s r❡❧❛t✐✈✐st❡s✳ ❯♥ ♣r♦❝❡ss✉s s✐♠✐❧❛✐r❡ ❛
❧✐❡✉ ❞❛♥s ❧❡s ♠♦❞❡s t✉r❜✉❧❡♥ts ❞❡ ❧✬❖❚❙■✳
P✉✐sq✉❡ ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡ tr❛♥s✈❡rs❡ ❡st t♦✉❥♦✉rs ♣❧✉s ♣❡t✐t❡ q✉❡ ❧❛ t❛✐❧❧❡ ❞✉
♣ré❝✉rs❡✉r✱ s✉r ❧❛q✉❡❧❧❡ ξB ✈❛r✐❡✱ ❧❡ ❝❛s ❞❡ ✜❣✉r❡ ❡st ❧❡ s✉✐✈❛♥t ✿ ❧❡s é❧❡❝tr♦♥s s♦♥t ✐♥s✲
t❛♥t❛♥é♠❡♥t ❝❤❛✉✛és à ❧❛ t❡♠♣ér❛t✉r❡ ❧♦❝❛❧❡✱ ❞é✜♥✐❡ ♣❛r ❧✬❊q ✹✳✷✸✳ ▲♦rsq✉❡ ❧❡s é❧❡❝tr♦♥s
s❡ r❛♣♣r♦❝❤❡♥t ❞❡ ❧✬éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ♣r♦t♦♥s ❝❡ ♣r♦❝❡ss✉s s❛t✉r❡✳ ❈❡ ♠é❝❛♥✐s♠❡ ❡st
♣r♦♣♦sé ♣♦✉r ❡①♣❧✐q✉❡r ❧❡ ❝❤❛✉✛❛❣❡ é❧❡❝tr♦♥✐q✉❡ ❣r❛❞✉❡❧ ❡t ❧❛ ♠♦♥té❡ ❞❡ ❧✬é♥❡r❣✐❡ ♠❛❣♥é✲
t✐q✉❡ à tr❛✈❡rs ❧❡ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝✱ ♦❜s❡r✈é ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❙✐r♦♥✐ ✫ ❙♣✐t❦♦✈s❦②
❬✺❪✳
◆♦t♦♥s q✉✬✉♥ ♠é❝❛♥✐s♠❡ ❞✐✛ér❡♥t ❛ été ♣r♦♣♦sé ♣❛r ●❡❞❛❧✐♥ ❡t ❛❧✳ ❬✾❪ q✉✐ ♣r♦♣♦s❡
❧❡ ❝❤❛✉✛❛❣❡ é❧❡❝tr♦♥✐q✉❡ s♦✉s ❧✬❡✛❡t ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ✐♥❞✉❝t✐❢ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡s ✜❧❛✲
♠❡♥ts✳ ❉❛♥s ♥♦tr❡ s❝é♥❛r✐♦ ❧❡s é❧❡❝tr♦♥s ♦s❝✐❧❧❡♥t tr❛♥s✈❡rs❛❧❡♠❡♥t✳ ▲❡s ❞❡✉① ♠é❝❛♥✐s♠❡s
❞♦♥♥❡♥t ✉♥❡ t❡♠♣ér❛t✉r❡ é❧❡❝tr♦♥✐q✉❡ ♠❛①✐♠❛❧❡ ❞❡ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✳
✹✳✺✳✷ ❆❝❝é❧ér❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡ ❝❤♦❝ ❡①t❡r♥❡ ❞❡s ❙●
▲❛ ❝✐♥é♠❛t✐q✉❡ ❞❡s ♣❛rt✐❝✉❧❡s ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝✱ t❡♠♣s ❞❡s ❝②❝❧❡s ❞❡ ❋❡r♠✐ ❛✐♥s✐
q✉❡ ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❞✬❛❝❝é❧ér❛t✐♦♥ ♦♥t été ❞✐s❝✉tés ❞❡ ♠❛♥✐èr❡ ❝♦♠♣❧èt❡ ❞❛♥s ❆❝❤t❡r✲
❜❡r❣ ❡t ❛❧✳ ❬✶✵❪ ❡t P❡❧❧❡t✐❡r ❡t ❛❧✳❬✶✶❪✳ ■❝✐✱ ♥♦✉s r❡♣r❡♥♦♥s ❧❡✉rs ❡st✐♠❛t✐♦♥s ❡♥ ✈✉❡ ❞❡
❧✬ét✉❞❡ ❞✉ ♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ❞❡s ✜❧❛♠❡♥ts ❡t ❞❡s ♣r♦♣r✐étés ❞❡ tr❛♥s♣♦rt✳ ❈♦♠♠❡ ❞✐s✲
❝✉té ❞❛♥s ❝❡s tr❛✈❛✉①✱ ❧❡ t❡♠♣s ❞❡ rés✐❞❡♥❝❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝ ❡st ❧❡ ♣❧✉s
♣❡t✐t ❡♥tr❡ ❧❡ t❡♠♣s ❞❡ ❣✐r❛t✐♦♥ ❞❛♥s ❧❡ ❝❤❛♠♣ ♠♦②❡♥ ❡①t❡r♥❡ ❡t ❧❡ t❡♠♣s ❞❡ ❞✐✛✉s✐♦♥
❞❛♥s ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡✳ ❊♥ ♣❧✉s✱ ✐❧ s✉✣t ❞❡ ❞é✢é❝❤✐r ❧❛ ♣❛rt✐❝✉❧❡ ❞✬✉♥ ❛♥❣❧❡ ∼ 1/γsh
♣♦✉r q✉✬❡❧❧❡ s♦✐t r❛ttr❛♣é❡ ♣❛r ❧❡ ❢r♦♥t✳ ❈❡ q✉✐ ❞✐✈✐s❡ ❧❡ t❡♠♣s ❞❡ rés✐❞❡♥❝❡ ❡♥ ❛♠♦♥t ❞✉
❝❤♦❝ ♣❛r γsh ❞❛♥s t♦✉s ❧❡s ❝❛s✳
❚♦✉t ❞✬❛❜♦r❞✱ ✐❧ ❢❛✉t r❡♣r❡♥❞r❡ ❧❡ ❥❡✉ ❞❡s ré❢ér❡♥t✐❡❧s ❞❛♥s ❧❡sq✉❡❧s ❧❡s ✐rré❣✉❧❛r✐tés
♠❛❣♥ét✐q✉❡s s♦♥t ❛✉ r❡♣♦s✳ ▲❡s ét✉❞❡s ❛♥tér✐❡✉r❡s ♣r❡♥♥❡♥t ❧❡s ré❢ér❡♥t✐❡❧s ❝♦✲♠♦❜✐❧❡
❛✈❛❧ ✭❞♦✇♥str❡❛♠✮ ❡t ❝♦✲♠♦❜✐❧❡ ❛♠♦♥t ✭✉♣str❡❛♠✮✳ ❖r✱ ❧❡ r❡♣èr❡ ♥❛t✉r❡❧ ❞❡ ❞✐✛✉s✐♦♥
❞❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡ ♠✐❧✐❡✉ ♣ré✲❝❤♦❝ ♥✬❡st ♣❛s ❝♦✲♠♦❜✐❧❡ ❛♠♦♥t ♠❛✐s ❝❡❧✉✐ ❞❡s ♣❛q✉❡ts
❞✬♦♥❞❡✳ ▲✬❛♥❣❧❡ ❞❡ ❞é✢❡①✐♦♥✱ s✉✣s❛♥t ♣♦✉r ❧❡ r❡t♦✉r ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡♥ ❛✈❛❧✱ ❞❡✈✐❡♥t
∼ 1/Γm|f ✳ ❖ù Γm|f ❡st ❧❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ r❡❧❛t✐❢ ❡♥tr❡ ❧❡ r❡♣èr❡ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ ❡t ❝❡❧✉✐
❞✬♦♥❞❡s✳ ❈❡ ❢❛❝t❡✉r ♣❡✉t êtr❡ ❝❛❧❝✉❧é s✉✐✈❛♥t ❧❡s ❢♦r♠✉❧❡s st❛♥❞❛r❞ ❞❡s tr❛♥s❢♦r♠❛t✐♦♥s
à ✸ ré❢ér❡♥t✐❡❧s ✿
βm|f ≃
γ2m − γ2sh
γ2m + γ
2
sh
✭✹✳✷✹✮
Γm|f =
1
2
(
γm
γsh
+
γsh
γm
)
.
❈❍❆P■❚❘❊ ✹✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆▼❖◆❚ ❉❯ ❈❍❖❈ ✼✺
❉❛♥s ❧❡ ❝❛s ❞❡ ❞✐✛✉s✐♦♥✱ ♦♥ ♣❡✉t ❡st✐♠❡r ❧❡ t❡♠♣s ❞❡ rés✐❞❡♥❝❡ ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ ❞✬é♥❡r❣✐❡
ǫ|m ❝♦♠♠❡
tres,m ∼ χℓ⊥
c
(
ǫ|m
ǫ0
)2 1
Γ2m|f
. ✭✹✳✷✺✮
❖ù χ ❡st ✉♥ ❢❛❝t❡✉r ❣r❛♥❞ ❞❡✈❛♥t ✶✳ P♦✉r ❧❡s ♠♦❞❡s ❖❚❙■✱ ❧❡s s✐♠✉❧❛t✐♦♥s ♦♥t ✐♥❞✐q✉é
χ ∼ γ2m✳ ❘❡t♦✉r♥❛♥t ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❝♦✲♠♦❜✐❧❡ ❛♠♦♥t✱ ❧❡ t❡♠♣s ❞❡ rés✐❞❡♥❝❡ ❞❡✈✐❡♥t
tres|f = tres,m/Γm|f ✳ ❆✈❡❝ ǫ0 = (γm/γsh)eB¯|fℓ⊥ ❡♥ t❡r♠❡s ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ t✉r❜✉❧❡♥t
❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ❢r♦♥t B¯|f ✱ ❡t ǫ|f ≃ Γf|m(1− βm|f)ǫm✳ ❖♥ ❛✉r❛ ✜♥❛❧❡♠❡♥t
tres|f ∼
ℓ⊥
c
(
ǫ|f
eB¯|fℓ⊥
)2
χγsh
γm
. ✭✹✳✷✻✮
▲❡ ❢❛✐t q✉❡ ❧❛ ❞✐✛✉s✐♦♥ ❛ ❧✐❡✉ ❞❛♥s ✉♥ ré❢ér❡♥t✐❡❧ ♠♦❜✐❧❡ à ❣r❛♥❞❡ ✈✐t❡ss❡ s❡♠❜❧❡ r❛❝❝♦✉r❝✐r
❧❡ t❡♠♣s ❞❡ rés✐❞❡♥❝❡ ♠❛✐s ❧✬❡st✐♠❛t✐♦♥ ❡st ♠✐t✐❣é❡ ♣❛r ❧❡ ❢❛❝t❡✉r χ✳ ❈❡ t❡♠♣s ❡st à
❝♦♠♣❛r❡r ❛✉ t❡♠♣s ❞❡ rés✐❞❡♥❝❡ ✐♠♣♦sé ♣❛r ❧❡ ❝❤❛♠♣ ♠♦②❡♥ ✿ tres,0 = ǫ|f/(eB¯0) q✉✐
❞❡✈✐❡♥t ♣❧✉s ❝♦✉rt ♣♦✉r ❧❡s ♣❛rt✐❝✉❧❡s ❞❡ très ❤❛✉t❡ é♥❡r❣✐❡✳
●❛✐♥ ♣❛r ❝②❝❧❡ ❖♥ ❝❛❧❝✉❧❡ ❧❡ ❣❛✐♥ ♣❛r ❝②❝❧❡ ❞❡ ❋❡r♠✐ ✭❛♠♦♥t→ ❛✈❛❧→ ❛♠♦♥t✮ s✉✐✈❛♥t
❧❛ ❢♦r♠✉❧❡ ❞❡ ❞♦✉❜❧❡ ❝❤❛♥❣❡♠❡♥t ❞❡ ré❢ér❡♥t✐❡❧ ❡♥tr❡ ❞❡✉① ♠✐❧✐❡✉① ❞❡ ❝❤❛q✉❡ ❝ôté ❞✉ ❝❤♦❝
❬✶✷✱ ✶✵❪ ✿
ǫfin
ǫinit
= Γ2rel (1− βrel cos θ→aval) (1− cos θ→amont) ✭✹✳✷✼✮
❖ù βrel ❡st ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❡♥tr❡ ❧❡s ❞❡✉① ♠✐❧✐❡✉① ❡t Γrel ❡st ❧❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❝♦rr❡s✲
♣♦♥❞❛♥t✳ ▲❡s ❢❛❝t❡✉rs r❡❧❛t✐❢s ❛♠♦♥t↔❛✈❛❧ ❡t r❡♣èr❡ ❞✬♦♥❞❡s↔❛✈❛❧ s♦♥t✱ r❡s♣❡❝t✐✈❡♠❡♥t
amont↔ aval : βu|d = 1− 1/γ2sh ✭✹✳✷✽✮
Γu|d = γsh/
√
2
ondes↔ aval : βm|d =
γ2m − γ2sh/2
γ2m + γ
2
sh/2
Γm|d =
1
2
(√
2γm
γsh
+
γsh√
2γm
)
▲❡ ❣❛✐♥ s✉r ❧❡ ♣r❡♠✐❡r ❝②❝❧❡ ❡st Γ2m|d✱ s✐ ❝❡❧✉✐✲❝✐ ❡st ≫ 1✳ ❙✐ γm = 1✱ ✐❧ ♥✬② ❛ ♣❛s ❞❡
❝❤❛♥❣❡♠❡♥t ♣❛r r❛♣♣♦rt à ❬✶✵❪ ❡t ❝❡ ❣❛✐♥ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ γ2sh✳ P❛r ❝♦♥tr❡✱ ❞❛♥s ❧❡ ❝❛s γm ≃
γsh ❧✬❡✛❡t ❞✬❛♥✐s♦tr♦♣✐❡ r❡❧❛t✐✈✐st❡ s✉r ❧❡s ❛♥❣❧❡s ❞❡ ♣❛ss❛❣❡ ❛✈❛❧→♦♥❞❡s ❞✐s♣❛r❛✐ss❡♥t ❡t
❧❡ ❣❛✐♥ s❡r❛ ❞❡ ❧✬♦r❞r❡ ❞❡ βm|d < 1✱ ❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡s ❝❤♦❝s ♥♦♥✲r❡❧❛t✐✈✐st❡s ✦ ❈❡❝✐
✼✻ ✹✳✺✳ ■▼P▲■❈❆❚■❖◆❙ ❆❯ ❈❍❖❈ ❘❊▲❆❚■❱■❙❚❊
✈✐❡♥t ❞✉ ❢❛✐t q✉✬✐❧ s✉✣t ❞❡ ♣♦✉ss❡r ❧❡ ✢♦t ❞✉ ♣ré❝✉rs❡✉r à ✉♥❡ ✈✐t❡ss❡ ∼ c/3 ♣❛r r❛♣♣♦rt
❛✉ ❢r♦♥t ♣♦✉r q✉❡ s❛ ✈✐t❡ss❡ s♦✐t ♥❡✇t♦♥✐❡♥♥❡ ♣❛r r❛♣♣♦rt à ❧✬é❝♦✉❧❡♠❡♥t ❝❤♦q✉é✳ ❈❡
❝♦♠♣♦rt❡♠❡♥t ♥❡ s❡♠❜❧❡ ♣❛s êtr❡ ♦❜s❡r✈é ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s P■❈ ❞❡s ❝❤♦❝s✱ ❡✳❣✳ ❬✶✸✱ ✶✹❪✳
▲❡ ❝❛s ❧❡ ♣❧✉s ♣r♦❜❛❜❧❡✱ 1≪ γm < γsh q✉✐ ❝♦♥s❡r✈❡ ❧✬❛♥✐s♦tr♦♣✐❡ r❡❧❛t✐✈✐st❡ θaval→m✱ ❞♦♥♥❡
❛❧♦rs δǫ/ǫ ∼ Γ2m|d s✉r ❝❡ ♣r❡♠✐❡r ❝②❝❧❡✱ s✉r ❝❡ ♣r❡♠✐❡r ❝②❝❧❡✱ ❛✈❡❝ 1≪ Γm|d < γsh✳
▲❡ ❣❛✐♥ s✉r ❧❡s ❝②❝❧❡s s✉✐✈❛♥ts ❡st ❛✉ss✐ ♠♦❞✐✜é ♣❛r ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ❝❡♥tr❡s ❞✐✛✉✲
s❡✉rs✳ ❙✐ ❧❡s ❝❡♥tr❡s ❞✐✛✉s❡✉rs s♦♥t st❛t✐q✉❡s ✭✐✳❡✳ ✜❣és ❞❛♥s ❧❡ ♣❧❛s♠❛ ❛♠♦♥t✮ ❛❧♦rs ❧❡ ❣❛✐♥
❡♥ é♥❡r❣✐❡ ♣❛r ❝②❝❧❡ ❡st é❣❛❧ à ✷✱ ❝♦♠♠❡ ❧❡ ❞♦♥♥❡♥t ❧❡s ét✉❞❡s ❬✶✷✱ ✶✵✱ ✶✺❪ ❡t ❧❛ ♠♦②❡♥♥❡
s✉r ❧❡s ❛♥❣❧❡s ❞❡ ❧✬❡q✳ ✭✹✳✷✼✮✳ ❉❡✉① ❝❛s ❞❡ ✜❣✉r❡s s♦♥t ❛❧♦rs ❡♥✈✐s❛❣❡❛❜❧❡s ✿ s✐ γm ≃ γsh
❛❧♦rs ❣❛✐♥ ♣❛r ❝②❝❧❡ ❞❡ ❋❡r♠✐ ❡st 〈 ∆ǫǫinit 〉 ∼ βm|d < 1✱ s✐ 1≪ γm < γsh ✐❧ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ✷✳
➱♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❞❡s ♣r♦t♦♥s ▲✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ à ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣r♦t♦♥s
✭❛✐♥s✐ q✉❡ ❞❡s é❧❡❝tr♦♥s✮ ♣❡✉t êtr❡ ❧✐♠✐té❡ ♣❛r ❧❡s ♣❡rt❡s à ❧✬❡①♣❛♥s✐♦♥✱ ♣❡rt❡s s②♥❝❤r♦✲
tr♦♥✱ ❧❛ t❛✐❧❧❡ ✜♥✐❡ ❞❡ ❧❛ ré❣✐♦♥ ❛❝❝é❧ér❛tr✐❝❡✳ ▲✬❡st✐♠❛t✐♦♥ ❧❛ ♣❧✉s ♦♣t✐♠✐st❡ ✈✐❡♥t ❞❡ ❧❛
t❛✐❧❧❡ ❞❡ ❧❛ ré❣✐♦♥ ✭❝r✐tèr❡ ❞❡ ❍✐❧❛s✮✳ P♦✉rt❛♥t ❝❡❧❧❡✲❝✐ ❡st ❞é❥à t♦✉t à ❢❛✐t ❧✐♠✐t❛♥t❡ ❝❛r ❧❡
❧✐❜r❡ ♣❛r❝♦✉rs ♠♦②❡♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❛✉❣♠❡♥t❡ ❝♦♠♠❡ ǫ2 ❛✉ ❧✐❡✉ ❞✬êtr❡ é❣❛❧ ❛✉ r❛②♦♥ ❞❡
▲❛r♠♦r ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✭ré❣✐♠❡ ❞❡ ❇♦❤♠✮✳
❈♦♥s✐❞ér♦♥s ❧❡ ❝❤♦❝ t❡r♠✐♥❛❧ ❞✬✉♥ ❙● ❡♥ ❞é❜✉t ❞❡ ❧❛ ♣❤❛s❡ ❞❡ ❧✬❛❢t❡r❣❧♦✇✳ ▲✬é♥❡r❣✐❡
♠❛①✐♠❛❧❡✱ ❛tt❡✐♥t❡ ❡♥ é❣❛❧✐s❛♥t ❧❡ t❡♠♣s ❞❡ rés✐❞❡♥❝❡ ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝ ❛✉ t❡♠♣s ❞❡s
♣❡rt❡s ♣❛r ❡①♣❛♥s✐♦♥ ✭rsh/c✮ ❡st ✿
Emax = 2Zγshξ
1/2
B
(
γm
χ
)1/2√rsh
δi
mpc
2
∼ 3.7× 1015 × Z
(
γm
χ
)1/2
Γs,2.5rs,17n
1/4
0 eV . ✭✹✳✷✾✮
❈❡tt❡ ❧✐♠✐t❡ ❡st ✈❛❧❛❜❧❡ ♣♦✉r ✉♥ ❝❤♦❝ ♥♦♥✲♠❛❣♥ét✐sé ✭σ = 0✮✱ ❡t rs,17 = rs/1017❝♠✳
❙✐ ❧❡ t❡♠♣s ❞❡ rés✐❞❡♥❝❡ ❡st ❣♦✉✈❡r♥é ♣❛r ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✐♥t❡rst❡❧❧❛✐r❡✱ ❧❛ r♦t❛t✐♦♥
ré❣✉❧✐èr❡ ❞❛♥s ❝❡ ❝❤❛♠♣ ♣❡✉t ❢❛✐r❡ ♠♦♥t❡r ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ à Emax,0 = ZγsheB0rsh ∼
0.3 × 107 × Z ●❡❱✱ ♣♦✉r B0 = 3µ●✱ γsh = 300 ❡t rsh = 1017❝♠✳ ❯♥❡ é♥❡r❣✐❡ ❞❡ ❧✬♦r❞r❡
❞❡ 1016 ❡❱ ❡st ❞♦♥❝ ❛tt❡✐♥t❡✱ très ❧♦✐♥ ♣♦✉rt❛♥t ❞❡ ❝❡❧❧❡ ❞❡s ❘❛②♦♥s ❈♦s♠✐q✉❡s ❞❡ ❯❧tr❛
❍❛✉t❡ ➱♥❡r❣✐❡ ✭❯❍❊❈❘❙✮✳
✹✳✺✳✸ ❆❝❝é❧ér❛t✐♦♥ ❡t r❛②♦♥♥❡♠❡♥t ❞❡s é❧❡❝tr♦♥s
Pré❝é❞❡♠♠❡♥t ❞❡s ❛r❣✉♠❡♥ts ❡♥ ❢❛✈❡✉r ❞✬✉♥ ❝❤❛✉✛❛❣❡ ❡✣❝❛❝❡ ❞✉ ✢♦t é❧❡❝tr♦♥✐q✉❡
♣❛r ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♦♥t été ❡①♣♦sés✳ ❈❡❧❛ ❝♦♥✜r♠❡ ❧✬✐❞é❡ q✉❡ ❧❡s é❧❡❝tr♦♥s ❛tt❡✐❣♥❡♥t
❧❛ s✉❜✲éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ✐♦♥s ❞❛♥s ❧❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s✳ ❊♥ ❧✬♦❝❝✉rr❡♥❝❡✱ ❞❛♥s ❧❡
❝❤♦❝ ❡①t❡r♥❡ ❞❡s ❙● ♦ù ❧✬é♠✐ss✐♦♥ ❞❡ ré♠❛♥❡♥❝❡ ♣r❡♥❞ ❧✐❡✉✱ ✐❧s ♣♦✉rr❛✐❡♥t ❛tt❡✐♥❞r❡ ✉♥❡
❈❍❆P■❚❘❊ ✹✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆▼❖◆❚ ❉❯ ❈❍❖❈ ✼✼
t❡♠♣ér❛t✉r❡ ❞❡ q✉❡❧q✉❡s ●❡❱✳ ➱t❛♥t ❞♦♥♥❡ q✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s ♣r♦t♦♥s ❡st très é❧❡✈é❡
❛✉ ❞é❜✉t ❞❡ ❧❛ ♣❤❛s❡ ❞❡ ré♠❛♥❡♥❝❡ ❡t ♦♥ ❛ ✿
Te . Tp =
γsh
3
√
2
mpc
2 ; ✭✹✳✸✵✮
❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ●❡❱✳ ❉✬❛✉tr❡ ♣❛rt✱ ✉♥❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s❡
s❡ ❞é✈❡❧♦♣♣❡ ♣✉✐sq✉❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❞✉ ▼■❙ ❡st très ❢❛✐❜❧❡ σ ∼ 10−9✳ ◗✉❡❧ t②♣❡ ❞❡
r❛②♦♥♥❡♠❡♥t ❡st ❛tt❡♥❞✉ ❞❛♥s ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ✢✉❝t✉❛♥t à ♣❡t✐t❡ é❝❤❡❧❧❡ ❡t ❜❡❛✉✲
❝♦✉♣ ♣❧✉s ✐♥t❡♥s❡ q✉❡ ❧❡ ❝❤❛♠♣ ❡①t❡r♥❡ ❄ ❈❡❧❛ ❞é♣❡♥❞ ❞✉ ♣❛r❛♠ètr❡ ✑✇✐❣❣❧❡r✑ a✱ ♠❡s✉ré
❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝ ❝♦♠♠❡
a ≡ eB¯ℓc
mec2
∼ ξ1/2B γsh
mp
me
. ✭✹✳✸✶✮
❈❡ ♣❛r❛♠ètr❡ ♠❡s✉r❡ ❧✬❛♣t✐t✉❞❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ à ❞é✢é❝❤✐r ✉♥ é❧❡❝tr♦♥ r❡❧❛t✐✈✐st❡
❞❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ γ ❞✬✉♥ ❛♥❣❧❡ 1/γ ✭❧✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ♥✬❛♣♣❛r❛✐t ♣❛s ❞❛♥s ❧❛
❞é✜♥✐t✐♦♥ ❞✉ ♣❛r❛♠ètr❡ ♣♦✉r ❝❡tt❡ r❛✐s♦♥✮✳ ◗✉❛♥❞ a > 1 ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣r♦❞✉✐t
✉♥❡ s❡✉❧❡ ❞é✢❡①✐♦♥ ❞❛♥s ❧❡ ❝♦♥❡ ❞✬é♠✐ss✐♦♥ 1/(2γ)✱ ❧✬é♠✐ss✐♦♥ rés✉❧t❛♥t❡ ❡st très s❡♠❜❧❛❜❧❡
❛✉ r❛②♦♥♥❡♠❡♥t s②♥❝❤r♦tr♦♥ st❛♥❞❛r❞ ❞❛♥s ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ré❣✉❧✐❡r✱ s❛✉❢ q✉✬✐❧ ♥✬②
♣❛s ❞❡ ♣♦❧❛r✐s❛t✐♦♥✳ ◗✉❛♥❞ a < 1 ❧✬é❧❡❝tr♦♥ ♣❡✉t s✉❜✐r ♣❧✉s✐❡✉rs ❞é✢❡①✐♦♥s ❞❛♥s ❧❡ ❝♦♥❡
❞✬é♠✐ss✐♦♥ ❡t ❧❡ r❛②♦♥♥❡♠❡♥t ❡t ❞✐✛ér❡♥t ❞✉ s②♥❝❤r♦tr♦♥ ❝❧❛ss✐q✉❡ ❡t ❡st ❞❡ t②♣❡ ✏❥✐tt❡r✑
❬✶✻❪✳ ❉❛♥s ❧❡ ❝❛s ♣rés❡♥t ❧❡ ♣❛r❛♠ètr❡ a > 1 ❝❡ q✉✐ ❛ss✉r❡ q✉❡ ❧❡ s♣❡❝tr❡ ❞✬é♠✐ss✐♦♥ ❞❡s
é❧❡❝tr♦♥s✱ ❛❝❝é❧érés ♣❛r ❧❡ ❝❤♦❝ r❡❧❛t✐✈✐st❡✱ ❡st s❡♠❜❧❛❜❧❡ ❛✉ s②♥❝❤r♦tr♦♥ st❛♥❞❛r❞ ❛✈❡❝
✉♥❡ ❞é✈✐❛t✐♦♥ ♣r♦❜❛❜❧❡♠❡♥t très ❢❛✐❜❧❡ ❬✶✼❪✳
▲❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ♠❛①✐♠❛❧ ♣♦✉r ❧❡s é❧❡❝tr♦♥s s✉♣r❛✲t❤❡r♠✐q✉❡s✱ ♠❡s✉ré ❞❛♥s ❧❡
ré❢ér❡♥t✐❡❧ ❞✉ ❢r♦♥t✱ ❡st ❝♦♥tr❛✐♥t ♣❛r ❧❡s ♣❡rt❡s s②♥❝❤r♦tr♦♥ ✭❝♦♠♠❡ ❧❡ t❡♠♣s ❞✬❛❝❝é✲
❧ér❛t✐♦♥ ∝ γ2/B¯2 ❡t ❧❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ♣❡rt❡s s②♥❝❤r♦tr♦♥ ∝ γ/B¯2 ❧✬é♥❡r❣✐❡
♠❛①✐♠❛❧❡ ❡st ✐♥❞é♣❡♥❞❛♥t❡ ❞❡ ❧✬✐♥t❡♥s✐té ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✮✳ ▲✬❡st✐♠❛t✐♦♥ ✐❝✐ ❡st s✐✲
♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❡ ❑✐r❦ ✫ ❘❡✈✐❧❧❡ ❬✶✼❪ q✉❛♥❞ γm ∼ γsh✱ à ❧✬❡①❝❡♣t✐♦♥ ❞❡ ❧❛ ❞é♣❡♥❞❛♥❝❡ ❡♥
γm ❡t χ✳ ❈❡s ♣❛r❛♠ètr❡s ♠♦❞✐✜❡♥t ❧❡ t❡♠♣s ❞✬❛❝❝é❧ér❛t✐♦♥✱ q✉✬♦♥ s✉♣♣♦s❡ êtr❡ ❞❡ ❧✬♦r❞r❡
❞✉ t❡♠♣s ❞❡ rés✐❞❡♥❝❡ ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝ ✭✐✳❡✳ ❡q✳ ✹✳✷✻✮✳ ▲✬❡st✐♠❛t✐♦♥ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧
❞✉ ❢r♦♥t ❡st ❞♦♥❝ ✿
γmax ∼
(
4πe2ℓc
σTmec2
γm
χγsh
)1/3
∼
(
me
mi
n0r
3
e
)−1/6( γm
χγsh
)1/3
∼
∼ 7× 106
(
γm
χγsh
)1/3
. ✭✹✳✸✷✮
❊♥ ♥é❣❧✐❣❡❛♥t ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞✉ ♣r♦❝❡ss✉s ❈♦♠♣t♦♥ ■♥✈❡rs❡✱ ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❝♦rr❡s✲
✼✽ ✹✳✻✳ ❘➱❙❯▼➱ ❉❯ ❈❍❆P■❚❘❊
♣♦♥❞❛♥t❡ ❞❡s ♣❤♦t♦♥s✱ r❡ç✉s ♣❛r ✉♥ ♦❜s❡r✈❛t❡✉r ❡①t❡r♥❡ ✭ré❢ér❡♥t✐❡❧ ❛♠♦♥t✮ ❡st ✿
ǫγ,max ∼ γshγ2max
~eB¯|f
mec2
∼
√
ξB
γ
4/3
sh (γm/χ)
2/3
(µnr3e)
−1/6
mpc
2
αf
≃
≃ 3× ξ1/2B,−2Γ2s,2.5n1/20
(
γm
χ γsh
)2/3
GeV , ✭✹✳✸✸✮
❛✈❡❝ ❧❛ ♥♦t❛t✐♦♥ ✉s✉❡❧❧❡ ξB,−2 = ξB/0.01✱ Γs,2.5 = γsh/300 ❡t n0 = n/1 cm−3✳ αf ≃ 1/137
❡st ❧❛ ❝♦♥st❛♥t❡ ❞❡ str✉❝t✉r❡ ✜♥❡✳
❊♥ ♣rés❡♥❝❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ ❧❡ r❡t♦✉r ❞❡s é❧❡❝tr♦♥s ❞❡ ❧✬❛♠♦♥t ✈❡rs
❧✬❛✈❛❧ ♣❡✉t êtr❡ ❣♦✉✈❡r♥é❡ ♣❛r ❧❛ r♦t❛t✐♦♥ ré❣✉❧✐èr❡ ❞✬✉♥ ❛♥❣❧❡ 1/γsh✳ ▲❡ t❡♠♣s ❞❡ r❡t♦✉r✱
❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ❢r♦♥t ❙❘❋✱ ❞❛♥s ❝❡ ❝❛s ❡st tres,0|f ∼ ǫ|f/(γsheB0)✳ P♦✉r ✉♥ é❧❡❝tr♦♥
❛✉ ❢❛❝t❡✉r ▲♦r❡♥t③ ♠❛①✐♠❛❧✱ ❞é✜♥✐ ♣❛r ❧✬❊q✳ ✹✳✸✷ ♦♥ ❛ ✿
tres,0|f
tres|f
∼ 2
(
γm
χ
)2/3
ξB,−2B−10,−5n
2/3
0 Γ
1/3
s,2.5 , ✭✹✳✸✹✮
❛✈❡❝ B0,−5 = B0/10µ●✳ ❈❡❧❛ ✐♠♣❧✐q✉❡ q✉❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ré❣✉❧✐èr❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
❞❡✈✐❡♥t ❞♦♠✐♥❛♥t❡ ♣♦✉r ❧❡s é❧❡❝tr♦♥s ❧❡s ♣❧✉s é♥❡r❣ét✐q✉❡s à ♣❛rt✐r ❞✉ ♠♦♠❡♥t ♦ù γm/χ≪
1✳ ◆♦t♦♥s q✉❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡s ♣❤♦t♦♥s ❛✉ ●❡❱ ❡st ♣❡✉ ✐♥✢✉❡♥❝é❡ ♣❛r ❧❡ r❛♣♣♦rt γm/χ✳
❯♥ s♣❡❝tr❡✱ r❡ss❡♠❜❧❛♥t ❛✉ s②♥❝❤r♦tr♦♥ st❛♥❞❛r❞✱ s✬ét❡♥❞❛♥t ❥✉sq✉❡ ♣❧✉s✐❡✉rs ●❡❱
♣❡✉t ❞♦♥❝ êtr❡ ♣r♦❞✉✐t ❀ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❞❡s ❙●✳ ❉❡ ❝❡ ♣♦✐♥t ❞❡ ✈✉❡
❧❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ♣❡✉✈❡♥t êtr❡ ❝♦♥s✐❞érés ❝♦♠♠❡ ❞✬❡①❝❡❧❧❡♥ts ❝♦♥✈❡rt✐ss❡✉rs ❞✬é♥❡r❣✐❡
❝✐♥ét✐q✉❡ ❞✉ ❝❤♦❝ ❡♥ é❧❡❝tr♦♥s ❛❝❝é❧érés ❡t ❡♥ r❛②♦♥♥❡♠❡♥t✳ ▲❡ ❢❛❝t❡✉r ❞❡ ❝♦♥✈❡rs✐♦♥ ❡♥
r❛②♦♥♥❡♠❡♥t ❡st ξrad ∼ ξBσTnrs〈γ2e 〉 ✭rs ❡st ❧❡ r❛②♦♥ ❡①t❡r♥❡ ❞✉ ❝❤♦❝✮✳ ❆✉ t♦✉t ❞é❜✉t ❞❡
❧❛ ♣❤❛s❡ ❞❡ ré♠❛♥❡♥❝❡ ♦♥ ❛✉r❛ ❞♦♥❝ ξrad ∼ ξB ∼ 10%✳
✹✳✻ ❘és✉♠é ❞✉ ❝❤❛♣✐tr❡
▲❡ ♣rés❡♥t tr❛✈❛✐❧ s✬❛♣♣✉✐❡ s✉r ✉♥ ♣❛r❛❞✐❣♠❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❡t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t
❞✬✉♥❡ ♦♥❞❡ ❞❡ ❝❤♦❝ ♥♦♥✲❝♦❧❧✐s✐♦♥♥❡❧❧❡✱ ❧✬✐♥t❡r❞é♣❡♥❞❛♥❝❡ ❡♥tr❡ tr♦✐s ♣r♦❝❡ss✉s s✉✐✈❛♥ts
✕ ●é♥ér❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s✱
✕ ●é♥ér❛t✐♦♥ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡✱
✕ ❈♦♥str✉❝t✐♦♥ ❞✬✉♥❡ ❜❛rr✐èr❡ ❞❡ ♣♦t❡♥t✐❡❧ ❞❡ ♥❛t✉r❡ é❧❡❝tr♦st❛t✐q✉❡ ♦✉ ♠❛❣♥ét✐q✉❡
♣♦✉r ♣❡r♠❡ttr❡ ❧❛ ré✢❡①✐♦♥ ❞✬✉♥❡ ♣❛rt✐❡ ❞❡ ♣❛rt✐❝✉❧❡s ✐♥❝✐❞❡♥t❡s✳
❯♥❡ ✐♥✈❡st✐❣❛t✐♦♥ t❤é♦r✐q✉❡ ❞✉ tr❛♥s♣♦rt ❞❡s ♣❛rt✐❝✉❧❡s s✉♣r❛✲t❤❡r♠✐q✉❡s ❡t ❞✉ ♣ré❝❤❛✉❢✲
❢❛❣❡ ❞❡s é❧❡❝tr♦♥s ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝ ❛ été ♣rés❡♥té❡✳ ▲✬❛r❣✉♠❡♥t❛t✐♦♥ ❛ s✉rt♦✉t ♣♦rté s✉r
❧✬✐♠♣♦rt❛♥❝❡ ❞✉ ♠♦✉✈❡♠❡♥t ❞❡s ✜❧❛♠❡♥ts ♠❛❣♥ét✐q✉❡s ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛s♠❛ ❛♠♦♥t✱ ❛✉
r❡♣♦s✳ ❈❡ ♠♦✉✈❡♠❡♥t ♣❡✉t ✐♠♣❧✐q✉❡r ❞❡s ❢❛❝t❡✉rs ❞❡ ▲♦r❡♥t③ très ❣r❛♥❞s ✭2 ≤ γm ≤ 140✮✱
❈❍❆P■❚❘❊ ✹✳ ❚❘❆◆❙P❖❘❚ ❉❊ P❆❘❚■❈❯▲❊❙ ❊◆ ❆▼❖◆❚ ❉❯ ❈❍❖❈ ✼✾
❧❛ ✈❛❧❡✉r ❞é♣❡♥❞❛♥t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s é❧❡❝tr♦♥s ❞❡ ❢♦♥❞✳
▲❡s ♣r✐♥❝✐♣❛✉① rés✉❧t❛ts✱ ❞é❣❛❣és ♣❛r ❝❡ tr❛✈❛✐❧✱ s♦♥t ❧❡s s✉✐✈❛♥ts ✿
• ❉❡✉① ✐♥st❛❜✐❧✐tés ♣❧❛s♠❛✱ ❖❚❙■ ❡t ❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥✱ s♦♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t ✐♠✲
♣❧✐q✉é❡s ❞❛♥s ❧❛ ❣é♥ér❛t✐♦♥ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝✳ ▲❡s ♠♦❞❡s ❞✬♦♥❞❡
q✉✬❡❧❧❡s ❣é♥èr❡♥t ❛♠è♥❡♥t à ❞❡s éq✉❛t✐♦♥s ❞❡ ♠♦✉✈❡♠❡♥t s✐♠✐❧❛✐r❡s ♣♦✉r ❧❡s ♣❛rt✐✲
❝✉❧❡s ❝❤❛r❣é❡s✱ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞❡ ♣❛q✉❡ts ❞✬♦♥❞❡✳
• ■❧ ② ❛ ✉♥ ♣ré❝❤❛✉✛❛❣❡ ❡✣❝❛❝❡ ❞❡s é❧❡❝tr♦♥s ✐♥❝✐❞❡♥ts ❞❛♥s ❧❛ ré❣✐♦♥ t✉r❜✉❧❡♥t❡
❞❡✈❛♥t ❧❡ ❢r♦♥t ❞✉ ❝❤♦❝✳ ▲❡✉r t❡♠♣ér❛t✉r❡ ♣❡✉t êtr❡ ♣♦rté❡ à ❧❛ s✉❜✲éq✉✐♣❛rt✐t✐♦♥
❛✈❡❝ ❝❡❧❧❡ ❞❡s ♣r♦t♦♥s✱ s♦✉s ❧✬❡✛❡t ❞✬♦s❝✐❧❧❛t✐♦♥ r❡❧❛t✐✈✐st❡ ❞❛♥s ❧❡ ♣♦t❡♥t✐❡❧ é❧❡❝✲
tr♦st❛t✐q✉❡ ❞❡s ♠♦❞❡s ❞✬♦♥❞❡ t✉r❜✉❧❡♥ts✳ ▲✬é♥❡r❣✐❡ t❤❡r♠✐q✉❡ ❞❡s é❧❡❝tr♦♥s✱ ♣❡✉t
❛tt❡✐♥❞r❡ ∼ ξBmpc2 ♣❛r ❝❡ ♠é❝❛♥✐s♠❡✳
• ▲❡ ❝❤❛✉✛❛❣❡ ♥✬❡st ♣❛s ❤♦♠♦❣è♥❡ s✉r ❧❛ ❧♦♥❣✉❡✉r ❞✉ ♣ré❝✉rs❡✉r ♠❛✐s ❧♦❝❛❧✳ ▲❡s
é❧❡❝tr♦♥s s♦♥t ❝❤❛✉✛és à ❧❛ ✈❛❧❡✉r ✜①é❡ ♣❛r ξB ❧♦❝❛❧✳ ❈❡ ♣❛r❛♠ètr❡ ét❛♥t ❝r♦✐ss❛♥t
❛✉ ❢✉r ❡t à ♠❡s✉r❡ q✉✬♦♥ s✬❛♣♣r♦❝❤❡ ❞✉ ❢r♦♥t✳
• ▲❡ tr❛♥s♣♦rt ❞❡s ♣❛rt✐❝✉❧❡s s✉♣r❛✲t❤❡r♠✐q✉❡s ✿ ❧❛ str✉❝t✉r❡ ❡♥ ✜❧❛♠❡♥ts ❞❡ ❧❛ t✉r✲
❜✉❧❡♥❝❡ ❧✐♠✐t❡ ❧❛ ❞✐✛✉s✐♦♥ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝✱ q✉✐ ♠❡t ✉♥ t❡♠♣s tz à s❡
♠❡ttr❡ ❡♥ ♣❧❛❝❡✳ ▲❡ t❡♠♣s ❞✬❛❝❝é❧ér❛t✐♦♥ ❡♥ ❡st r❛❧❡♥t✐ ❛✐♥s✐ q✉❡ ❧❡ ❣❛✐♥ é♥❡r❣ét✐q✉❡
♣❛r ❝②❝❧❡ ❡st ♣❧✉s ❢❛✐❜❧❡✳ ▲✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡✱ ré✲❡st✐♠é❡ ❞♦♥♥❡ t♦✉t ❞❡ ♠ê♠❡ ✉♥❡
✈❛❧❡✉r ❞❡ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r q✉❡ ❝❡❧❧❡ ❞❡ ❬✶✷❪✱ ✐✳❡✳ ∼ 1016❡❱ ♣♦✉r ❧❡s ♣r♦t♦♥s✳
• ▲❡s ❡st✐♠❛t✐♦♥s ❞✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ à ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣r♦t♦♥s ❞♦♥♥❡ Emax,p ≃
1015 ❡❱ ❝❡ q✉✐ ♥❡ ❢❛✐t ♣❛s ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ✉♥ ❛❝❝é❧ér❛t❡✉r ❛✉① ❯❧tr❛✲❍❛✉t❡s
é♥❡r❣✐❡s✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s é❧❡❝tr♦♥s✱ ❧❡✉r é♥❡r❣✐❡ ❡st ❡ss❡♥t✐❡❧❧❡♠❡♥t ❧✐♠✐té❡
♣❛r ❧❡s ♣❡rt❡s s②♥❝❤r♦tr♦♥ ❡t Emax,e ≃ 1012❡❱✳ ▲❡ s♣❡❝tr❡ ❞✬é♠✐ss✐♦♥✱ s❡♠❜❧❛❜❧❡ ❛✉
s②♥❝❤r♦tr♦♥ st❛♥❞❛r❞ ♣❡✉t s✬ét❡♥❞r❡ ❥✉sq✉✬à ♣❧✉s✐❡✉rs ●❡❱✳
❉❛♥s ❝❡ ❝❤❛♣✐tr❡ ♥♦✉s ❛✈♦♥s ❞♦♥❝ r❡✈✉ ❧❡s ♣r♦♣r✐étés ❞❡ tr❛♥s♣♦rt ❞❡s ♣❛rt✐❝✉❧❡s ❡♥
❛♠♦♥t ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡✳ ◆♦✉s ❛✈♦♥s ❛r❣✉♠❡♥té s✉r ❧✬✐♠♣♦rt❛♥❝❡ ❞✉ ♠♦✉✈❡♠❡♥t ♣r♦♣r❡
❞❡s ✜❧❛♠❡♥ts ♠❛❣♥ét✐q✉❡s ✭❝✬❡st à ❞✐r❡ ❞❡s ♠♦❞❡s ❞✬♦♥❞❡ t✉r❜✉❧❡♥ts✮✳ ▲✬ét✉❞❡ ❞✉ tr❛♥s✲
♣♦rt ❞❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡ r❡♣èr❡ ❞❡s ♣❛q✉❡ts ❞✬♦♥❞❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ à ♠✐s ❡♥ é✈✐❞❡♥❝❡
❞❡s ❧♦✐s ❞❡ ❞✐✛✉s✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡ t❡♠♣s ❝♦✉rt ✭❞✐✛✉s✐♦♥ tr❛♥s✈❡rs❡✮ ❡t ❧♦♥❣✉❡✱ q✉❛♥❞
❧❛ ❞✐✛✉s✐♦♥ ❞❡✈✐❡♥t tr✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡✳ ▲❡ tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡ r❛♣✐❞❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡
é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❛✉① ♣❛rt✐❝✉❧❡s ❝♦♥st✐t✉❡ ✉♥ ♠é❝❛♥✐s♠❡ ❡✣❝❛❝❡ ♣♦✉r ♣ré✲❝❤❛✉✛❡r ❧❡s
é❧❡❝tr♦♥s ❡t ❧❡s ♠❡ttr❡ ❡♥ s✉❜✲éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ♣r♦t♦♥s à ❧✬❛♣♣r♦❝❤❡ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✱
♣❤é♥♦♠è♥❡ ♦❜s❡r✈é ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s P■❈ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❬✶✽✱ ✺❪ ❡t ❝♦rr♦❜♦ré
♣❛r ❞❡s s✐♠✉❧❛t✐♦♥s ré❝❡♥t❡s ❬✶✾❪✳
❋✐♥❛❧❡♠❡♥t✱ ❧❡s ❡st✐♠❛t✐♦♥s ❞✉ t❡♠♣s ❞❡ rés✐❞❡♥❝❡✱ ❞✉ ❣❛✐♥ ♣❛r ❝②❝❧❡ ❡t ❞❡ ❧✬é♥❡r❣✐❡
♠❛①✐♠❛❧❡ ✐♥❞✐q✉❡♥t q✉❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ r❡❧❛t✐✈✐st❡ ❞❡s ♠♦❞❡s ❞✬♦♥❞❡ t✉r❜✉❧❡♥ts ❞❡s ✐♥✲
st❛❜✐❧✐tés ❞❡ ❲❡✐❜❡❧ ❡t ❖❚❙■ ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝ r❡♥❞ ❧❡ ♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐ ♣❧✉s ❧♦♥❣✱
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❋✐❡❧❞s ❛♥❞ Pr♦♠♣t ❊♠✐ss✐♦♥ ❢r♦♠ ●❛♠♠❛✲❘❛② ❇✉rst ❙❤♦❝❦s✳ ❆♣❏✱ ✺✹✵ ✿✼✵✹✕✼✶✹✱
❙❡♣t❡♠❜❡r ✷✵✵✵✳
❇■❇▲■❖●❘❆P❍■❊ ✽✶
❬✶✼❪ ❏✳ ❑✐r❦ ❛♥❞ ❘❡✈✐❧❧❡ ❇✳ ❘❛❞✐❛t✐✈❡ ❙✐❣♥❛t✉r❡s ♦❢ ❘❡❧❛t✐✈✐st✐❝ ❙❤♦❝❦s✳ ❆♣❏✱ ✼✶✵ ✿▲✶✻✱
✷✵✶✵✳
❬✶✽❪ ❆✳ ❙♣✐t❦♦✈s❦②✳ ❖♥ t❤❡ str✉❝t✉r❡ ♦❢ r❡❧❛t✐✈✐st✐❝ ❝♦❧❧✐s✐♦♥❧❡ss s❤♦❝❦s ✐♥ ❡❧❡❝tr♦♥✲✐♦♥
♣❧❛s♠❛s✳ ❆♣❏✱ ✻✼✸ ✿▲✸✾✕▲✹✷✱ ✷✵✵✽✳
❬✶✾❪ ▲✳ ❙✐r♦♥✐✱ ❆✳ ❙♣✐t❦♦✈s❦②✱ ❛♥❞ ❆r♦♥s ❏✳ ❚❤❡ ▼❛①✐♠✉♠ ❊♥❡r❣② ♦❢ ❆❝❝❡❧❡r❛t❡❞ P❛rt✐❝❧❡s
✐♥ ❘❡❧❛t✐✈✐st✐❝ ❈♦❧❧✐s✐♦♥❧❡ss ❙❤♦❝❦s✳ ❆♣❏✱ ✼✼✶ ✿✺✹✱ ✷✵✶✸✳

❈❤❛♣✐tr❡ ✺
❈♦❞❡s P■❈ ❡t ❝❤♦❝s r❡❧❛t✐✈✐st❡s
❈
❡ ❝❤❛♣✐tr❡ ❛❜♦r❞❡ ❧✬ét✉❞❡ ❞❡s ❝❤♦❝s ❛✉ ♠♦②❡♥ ❞❡s ❝♦❞❡s P■❈ q✉✐ s❡ s♦♥t ré✈é❧és êtr❡
✉♥ ♦✉t✐❧ ♣✉✐ss❛♥t ❞❛♥s ❧✬✐♥✈❡st✐❣❛t✐♦♥ ❞❡s ❝❤♦❝s ♥♦♥✲❝♦❧❧✐s✐♦♥♥❡❧s✳ ❈❡tt❡ ❛♣♣r♦❝❤❡
♥✉♠ér✐q✉❡ ♣❡r♠❡t ❞❡ r❡♥❞r❡ ❝♦♠♣t❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ♥♦♥✲❧✐♥é❛✐r❡ ❡♥tr❡ ❧❡s ♣❛rt✐❝✉❧❡s ❡t
❧❡ ❝❤❛♠♣ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ q✉✬❡❧❧❡s ❡♥❣❡♥❞r❡♥t✳ ❚♦✉t❡ ❧❛ ♣❛♥♦♣❧✐❡ ❞❡s ✢✉❝t✉❛t✐♦♥s ❡t
❞❡s ✐♥st❛❜✐❧✐tés ♣❧❛s♠❛ ❡st✱ ✈✐rt✉❡❧❧❡♠❡♥t✱ à ❧❡✉r ♣♦rté❡✳ ▲❡s ❧✐♠✐t❛t✐♦♥s ♠❛tér✐❡❧❧❡s s♦♥t
♣♦✉rt❛♥t très r❡str✐❝t✐✈❡s ♣✉✐sq✉❡ ❧✬❡s♣❛❝❡ ♠é♠♦✐r❡ ✭♣❧✉s✐❡✉rs ♠✐❧❧✐❛r❞s ❞❡ ♣❛rt✐❝✉❧❡s✮ ❡t
❧❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧ ✭❝❡♥t❛✐♥❡s ❞❡ ♠✐❧❧✐❡rs ❞❡ ♣❛s ❞❡ t❡♠♣s✮ s♦♥t ♥é❝❡ss❛✐r❡s ♣♦✉r ét✉❞✐❡r
❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ✶✳
❉❛♥s ❧❛ ♣r❡♠✐èr❡ s❡❝t✐♦♥✱ ✉♥❡ ♣rés❡♥t❛t✐♦♥ ❣é♥ér❛❧❡ ❞❡s ❝♦❞❡s P■❈ ❡st ❞♦♥♥é❡✳ ❊♥✲
s✉✐t❡✱ ❧✬ét❛t ❞❡ ❧✬❛rt ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❡st r❡✈✉ s✉r ❧❡ ♣❧❛♥ ❞❡s
❛✈❛♥❝é❡s ❞❡s ❛❧❣♦r✐t❤♠❡s ❡t ♣r✐♥❝✐♣❛✉① tr❛✈❛✉① ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳ ▲❛ ❞❡r♥✐èr❡ s❡❝t✐♦♥✱
♣rés❡♥t❡ ❧✬❛♣♣r♦❝❤❡ ❛❞♦♣té❡ ❞❛♥s ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ✿ ✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ❝♦❞❡ P■❈ ✶❉ s♣❡❝✲
tr❛❧ ❛✈❡❝ ♣❧✉s✐❡✉rs ♠ét❤♦❞❡s ♣♦✉r ❡♥❝❧❡♥❝❤❡r ❧❡ ❝❤♦❝✳
✶❘❡♠❛rq✉♦♥s t♦✉t ❞❡ ♠ê♠❡ q✉✬✉♥❡ ❛♣♣❧✐❝❛t✐♦♥ ré❛❧✐st❡ s✉r ❧✬é❝❤❡❧❧❡ s♣❛t✐❛❧❡ r❡❧❡✈❛♥t❡ ❡♥ ❛str♦♣❤②s✐q✉❡
✭∼ 1♣❛rs❡❝✮✱ ♠❡tt❛♥t ❡♥ ❥❡✉ ✉♥ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s s✉♣ér✐❡✉r ❛✉ ♥♦♠❜r❡ ❞✬❆✈♦❣❛❞r♦✱ ❡t s✉r ✉♥ t❡♠♣s
❞②♥❛♠✐q✉❡ s✉♣ér✐❡✉r à ✶✵✵ s❡❝♦♥❞❡s ❡st ❛✉❥♦✉r❞✬❤✉✐ ❤♦rs ❞❡ ♣♦rté❡ ❞❡s ❝❛❧❝✉❧❛t❡✉rs✳ ▲✬❛♣♣r♦❝❤❡ ❞✉
♣❤②s✐❝✐❡♥✲♥✉♠ér✐❝✐❡♥ ❡st ♣♦✉rt❛♥t ♣❧✉s ♠❛❧✐❣♥❡ ✿ ♦♥ ♠❡t ❡♥ é✈✐❞❡♥❝❡ ❧❡s ❧♦✐s ♣❤②s✐q✉❡s ❡♥ é❝❤❛♥t✐❧❧♦♥♥❛♥t
❧❛ s✐♠✉❧❛t✐♦♥ ❛✉① ❣r❛♥❞❡✉rs ❝❛r❛❝tér✐st✐q✉❡s ❞✉ s②stè♠❡ ét✉❞✐é✳✳✳
✽✸
✽✹ ✺✳✶✳ P❘■◆❈■P❊ ❉❊❙ ❈❖❉❊❙ P❆❘❚■❈▲❊✲■◆✲❈❊▲▲ ✭P■❈✮
✺✳✶ Pr✐♥❝✐♣❡ ❞❡s ❝♦❞❡s P❛rt✐❝❧❡✲■♥✲❈❡❧❧ ✭P■❈✮
✺✳✶✳✶ ➱q✉❛t✐♦♥s ♠❛✐tr❡ss❡s
▲✬é✈♦❧✉t✐♦♥ ❞✉ ❝❤❛♠♣ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❡st ré❣✐❡ ♣❛r ❧❡s éq✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧✱ r❡✲
♣r♦❞✉✐t❡s ✐❝✐ ❡♥ s②stè♠❡ ❞✬✉♥✐tés ❈●❙ ✿
∇ ·E = 4πρ ✭✺✳✶✮
∇ ·B = 0 ✭✺✳✷✮
∂E
∂t
= c∇×B − 4πJ ✭✺✳✸✮
∂B
∂t
= −c∇×E . ✭✺✳✹✮
E ❡st ❧❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡✱ B ❡st ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ρ ❡st ❧❛ ❞❡♥s✐té ❞❡ ❝❤❛r❣❡ ❞❛♥s
❧❡ ♣❧❛s♠❛ ❡t J ❡st ❧❡ ❝♦✉r❛♥t é❧❡❝tr✐q✉❡✳
▲❡s ❝❤❛♠♣s s♦♥t ❞é✜♥✐s s✉r ✉♥❡ ❣r✐❧❧❡ s♣❛t✐❛❧❡ ❡✉❧ér✐❡♥♥❡ ✭✐✳❡✳ ❣r✐❧❧❡ ❝❛rtés✐❡♥♥❡ ✜①❡✮✳
❉❛♥s ❧❡s ❝♦❞❡s ♦ù ❧❛ rés♦❧✉t✐♦♥ ❞❡ ❝❡s éq✉❛t✐♦♥s s❡ ❢❛✐t à ❧✬❛✐❞❡ ❞❡s ❞✐✛ér❡♥❝❡s ✜♥✐❡s✱ ❧❡s
❝♦♠♣♦s❛♥t❡s Ex, Ey, Ez, Bx, By, Bz s♦♥t ❞é❝❛❧é❡s s✉r ❧❡ ♠❛✐❧❧❛❣❡ ❧❡s ✉♥❡s ♣❛r r❛♣♣♦rt ❛✉①
❛✉tr❡s ❛✜♥ ❞❡ s❛t✐s❢❛✐r❡ ❧✬éq✉❛t✐♦♥ ✺✳✷ ❛✉t♦♠❛t✐q✉❡♠❡♥t✳ ▲❡✉r ❞✐s♣♦s✐t✐♦♥ ❞❛♥s ❧❛ ♠❛✐❧❧❡
❛ ✐♥✐t✐❛❧❡♠❡♥t été ♣r♦♣♦sé❡ ♣❛r ❑✳ ❨❡❡ ❬✶❪ ❡t r❡st❡ ✉t✐❧✐sé❡ ♣❛r ❧❛ ♣❧✉♣❛rt ❞❡s ❝♦❞❡s✳ ❉❛♥s
❧❡s ❝♦❞❡s ♣s❡✉❞♦✲s♣❡❝tr❛✉① ♦♥ rés♦✉t ❧❡s éq✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧ ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡ ❋♦✉r✐❡r
❡t ✐❧ ♥✬② ❛ ♣❛s ❜❡s♦✐♥ ❞✬❛✈♦✐r r❡❝♦✉rs à ✉♥❡ ♠❛✐❧❧❡ ❞é❝❛❧é❡ ✭♦♥ ❛ t♦✉❥♦✉rs k.(k×E) = 0✮✳
▲❡s ❝♦♠♣♦s❛♥t❡s ❞❡s ❝❤❛♠♣s ♦♥t ❛❧♦rs ❧❛ ♠ê♠❡ ❧♦❝❛❧✐s❛t✐♦♥✳ ❉❡ ♣❧✉s✱ s✐ ❧❛ ❞✐✈❡r❣❡♥❝❡
❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡st ♥✉❧❧❡ ❛✉ t❡♠♣s ✐♥✐t✐❛❧ ✭❧✬❊q✳ ✺✳✷ ❡st s❛t✐s❢❛✐t❡ ✐♥✐t✐❛❧❡♠❡♥t✮✱
❡❧❧❡ ❧❡ s❡r❛ ♣♦✉r t♦✉t t❡♠♣s ✉❧tér✐❡✉r✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬éq✉❛t✐♦♥ ❞❡ ▼❛①✇❡❧❧✲●❛✉ss
✭❊q✳ ✺✳✶✮ ❡❧❧❡ ❡st s♦✐t rés♦❧✉❡ ❞✐r❡❝t❡♠❡♥t ✭❝❤♦✐① ❞✉ ❝♦❞❡ P■❈ ✉t✐❧✐sé ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✻✮✱
s♦✐t ✉♥ ❛❧❣♦r✐t❤♠❡ ❞❡ ❞é♣♦s✐t✐♦♥ ❞❡ ❝♦✉r❛♥t✱ ❝♦♥s❡r✈❛♥t ❧❛ ❝❤❛r❣❡✱ r❡♠♣❧❛❝❡ ❧❛ rés♦❧✉t✐♦♥
❞❡ ❝❡tt❡ ❡q✉❛t✐♦♥✳
▲✬éq✉❛t✐♦♥ ♠❛✐tr❡ss❡ ♣♦✉r ❧❡s ♣❛rt✐❝✉❧❡s ❡st ❧✬éq✉❛t✐♦♥ ❞❡ ▲♦r❡♥t③ ✭✈❡rs✐♦♥ r❡❧❛t✐✈✐st❡✮ ✿
dpi
dt
= qi(E +
pi
γimic
×B), ❛✈❡❝
pi =
mivi√
1− (v2i /c2)
dri
dt
= vi ✭✺✳✺✮
❆✈❡❝ qi,mi ✿ ❝❤❛r❣❡ ❡t ♠❛ss❡ ❛✉ r❡♣♦s ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ri ✿ s❛ ♣♦s✐t✐♦♥✱ vi ❡t pi ✿ s❛ ✈✐t❡ss❡
❡t ✐♠♣✉❧s✐♦♥ ❡t γi ❡st s♦♥ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③✳ ▲❡s ♣❛rt✐❝✉❧❡s ♣❡✉✈❡♥t ❛✈♦✐r ❞❡s ♣♦s✐t✐♦♥s
❡t ❞❡s ✐♠♣✉❧s✐♦♥s ❛r❜✐tr❛✐r❡s ❞❛♥s ❧❛ ❜♦ît❡ ❞❡ s✐♠✉❧❛t✐♦♥✳ ❊❧❧❡s s♦♥t ❞♦♥❝ ❞✐str✐❜✉é❡s s✉r
❈❍❆P■❚❘❊ ✺✳ ❈❖❉❊❙ P■❈ ❊❚ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ✽✺
✉♥❡ ❣r✐❧❧❡ ❧❛❣r❛♥❣✐❡♥♥❡✳
❈♦♠♠❡ ❧✬❛ s♦✉❧✐❣♥é ❇✉♥❡♠❛♥ ❬✷❪ ❝❡s éq✉❛t✐♦♥s s♦♥t ❞é❥à s♦✉s ❢♦r♠❡ ✏♥✉♠ér✐q✉❡✑✱
✐❧ s✉✣t ❞❡ ❧❡s ❞✐s❝rét✐s❡r ❡t ❞❡ s❡ ❞♦♥♥❡r ❞❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ❡t ❛✉① ❧✐♠✐t❡s ♣♦✉r
❢❛✐r❡ ❧❡ ❝❛❧❝✉❧ ♥✉♠ér✐q✉❡✳ ❈❡♣❡♥❞❛♥t✱ ♣❛s t♦t❛❧❡♠❡♥t✱ ❝❛r ✉♥❡ ét❛♣❡ ✐♠♣♦rt❛♥t❡ ❝♦♥s✐st❡
à ❝♦✉♣❧❡r ❧❡s ❞❡✉① s②stè♠❡s ❞✬éq✉❛t✐♦♥s✳ ▲❡ ❝♦✉♣❧❛❣❡ ✐♥t❡r✈✐❡♥t ❧♦rsq✉✬♦♥ ❝♦♥s✐❞èr❡ ❧❛
❞❡♥s✐té ❞❡ ❝❤❛r❣❡ ❡t ❧❡ ❝♦✉r❛♥t ❞❛♥s ❧❡ ♣❧❛s♠❛✳ ❈❡❝✐ ❡st ré❛❧✐sé ❡♥ ❝♦❧❧❡❝t❛♥t ❧❛ ❝❤❛r❣❡ ❞❡
❝❤❛q✉❡ ♣❛rt✐❝✉❧❡ ❡t ❧❡✉r ✈✐t❡ss❡ s✉r ❧❡s ♥÷✉❞s ❞❡ ❧❛ ♠❛✐❧❧❡ ♣♦✉r s❛t✐s❢❛✐r❡ ❧❡s ❞é✜♥✐t✐♦♥s ✿
ρ(r, tn) =
∫
qf(r,v, tn)d
3v ✭✺✳✻✮
J(r, tn) =
∫
qvf(r,v, tn)d
3v ✭✺✳✼✮
❖ù tn = n∆t ❡st ❧❡ t❡♠♣s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ q✉✐ ❝♦♠♠❡♥❝❡ à n = 0✳ f(r,v, t) ❡st ❧❛ ❢♦♥❝t✐♦♥
❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✳ ◆♦r♠❛❧❡♠❡♥t✱ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❡st ❝♦♥t✐♥✉❡ ❛❧♦rs
q✉❡ ❧❡s ♠❛❝r♦✲♣❛rt✐❝✉❧❡s s♦♥t ❞❡s ❣r❛♥❞❡✉rs ❞✐s❝rèt❡s✱ ♥♦✉s ❛✈♦♥s ❞♦♥❝ ❜❡s♦✐♥ ❞❡ r❡❧✐❡r
❝❡tt❡ ❢♦♥❝t✐♦♥ ❛✉ ♥✉❛❣❡ ❞❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❛ ❜♦ît❡ ❞❡ s✐♠✉❧❛t✐♦♥✳
✺✳✶✳✷ ■♥térêt ❞❡ ♠❛❝r♦✲♣❛rt✐❝✉❧❡s
❈♦♥❝❡♣t✉❡❧❧❡♠❡♥t✱ ❧❛ ♠ét❤♦❞❡ P■❈ ❝♦♥s✐st❡ à ❞✐s❝rét✐s❡r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥
❝♦♥t✐♥✉❡ f ❧❡ ❧♦♥❣ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✐s❝rèt❡s ✿ ♠❛❝r♦✲♣❛rt✐❝✉❧❡s ✐♥❞✐✈✐❞✉❡❧❧❡s✳ ❈❤❛q✉❡
♠❛❝r♦✲♣❛rt✐❝✉❧❡ r❡♣rés❡♥t❡ ✉♥❡ ❝♦♠♣♦s❛♥t❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥✳ ❆✐♥s✐✱ ❡♥ s♦♠✲
♠❛♥t ❧❡s ❝♦♥tr✐❜✉t✐♦♥s ❞❡ t♦✉t❡s ❧❡s ♠❛❝r♦✲♣❛rt✐❝✉❧❡s✱ ♦♥ r❡❝♦♥str✉✐t f ✳ ❖♥ ❛ttr✐❜✉❡ à
❝❤❛q✉❡ ♠❛❝r♦✲♣❛rt✐❝✉❧❡ ✉♥❡ ❢♦♥❝t✐♦♥♥❡❧❧❡ fp = S(r)Sv(v)✱ ♦ù S(r) ❡t Sv(v) s♦♥t ❞❡s
❢❛❝t❡✉rs ❞❡ ❢♦r♠❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡♥ ♣♦s✐t✐♦♥ ❡t ❡♥ ✈✐t❡ss❡✱ r❡s♣❡❝t✐✈❡♠❡♥t✳ ❈❡s ❢❛❝t❡✉rs
❞❡ ❢♦r♠❡ ❧♦❝❛❧✐s❡♥t ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s ♣❤❛s❡s✳ ❙✐ ❝❡ s♦♥t ❞❡s
❞✐str✐❜✉t✐♦♥s ❞❡ ❉✐r❛❝✱ ❛❧♦rs ❧❛ ♠❛❝r♦✲♣❛rt✐❝✉❧❡ ❡st ✉♥ ♣♦✐♥t ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s ♣❤❛s❡s✳
❈❡tt❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❡st ❧❛ ♣❧✉s s✐♠♣❧❡ ♠❛✐s ❣é♥èr❡ ❜❡❛✉❝♦✉♣ ❞❡ ❜r✉✐t ♥✉♠ér✐q✉❡ ❝❛r ❧❛
❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥✱ r❡❝♦♥str✉✐t❡ ❛✐♥s✐✱ ❡st ❣r❛♥✉❧❛✐r❡✳ P❧✉s ❣é♥ér❛❧❡♠❡♥t✱ ❧❛ ❢♦r♠❡
❞❡ ❧❛ ❢♦♥❝t✐♦♥ Sv(v) ♥✬❡st ♣❛s ✐♠♣♦rt❛♥t❡ ❝❛r ✐❧ ♥✬② ♣❛s ❞❡ ❣r✐❧❧❡ ❡♥ ✈✐t❡ss❡s ❀ s❡✉❧❡ ❧❛ ❣r✐❧❧❡
s♣❛t✐❛❧❡ ❡st ♣rés❡♥t❡ ♣♦✉r ❛ss✉r❡r ❧❡ ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❧❡s ♠❛❝r♦✲♣❛rt✐❝✉❧❡s ❡t ❧❡s ❝❤❛♠♣s✳
❖♥ ❛❞♦♣t❡ ❞♦♥❝ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ❉✐r❛❝ Sv(v) = δ(v)✳
❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ❢❛❝t❡✉r ❞❡ ❢♦r♠❡ s♣❛t✐❛❧✱ ❧❛ ♣r♦♣r✐été ✐♠♣♦rt❛♥t❡ ❞❡ ❝❡tt❡ ❢♦♥❝✲
t✐♦♥ ❡st q✉✬❡❧❧❡ ❞♦✐t êtr❡ à s✉♣♣♦rt ❝♦♠♣❛❝t ♣♦✉r q✉✬✉♥❡ ♣❛rt✐❡ ❞❡ ❧❛ ❝❤❛r❣❡ ♥❡ s♦✐t ♣❛s ✐♥✲
t❡r♣♦❧é❡ ❡♥ ❞❡❤♦rs ❞❡ ❧❛ ❣r✐❧❧❡ ❡t s❛ ❞✐str✐❜✉t✐♦♥ s✉r ❣r✐❧❧❡ ❞♦✐t ❛✈♦✐r ✉♥❡ ♣♦rté❡ ✜♥✐❡✳ ❆✉tr❡✲
♠❡♥t ❞✐t✱ ❧❛ ❝❤❛r❣❡ ❞✬✉♥❡ ♠❛❝r♦✲♣❛rt✐❝✉❧❡ ❞♦✐t êtr❡ r❡♣❛rt✐❡ s✉r ✉♥ ♥♦♠❜r❡ ✜♥✐ ❞❡ ♣♦✐♥ts✲
❣r✐❧❧❡✳ P❛r ❡①❡♠♣❧❡✱ ❧❡ t②♣❡ ❞❡ ❢♦♥❝t✐♦♥s ❧❡s ♣❧✉s ✉t✐❧✐sé❡s s♦♥t ❞❡s B−s♣❧✐♥❡s ❞✬♦r❞r❡ ✵✱ ✶ ❡t
✷ ❞♦♥t ❧❛ ❢♦r♠❡ ❡st ✐❧❧✉stré❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✺✳✶
✽✻ ✺✳✶✳ P❘■◆❈■P❊ ❉❊❙ ❈❖❉❊❙ P❆❘❚■❈▲❊✲■◆✲❈❊▲▲ ✭P■❈✮
❋✐❣✳ ✺✳✶✿ ❋❛❝t❡✉rs ❞❡ ❢♦r♠❡
❞✬♦r❞r❡ ✵ ✭◆●P✮✱ ✶ ✭❈■❈✮ ❡t
✷ ✭q✉❛❞r❛t✐q✉❡✮✱ ❝♦rr❡s♣♦♥❞❛♥t
❛✉① ❣r❛♣❤❡s ❛❧❧❛♥t ❞❡ ❤❛✉t ❡♥
❜❛s✱ r❡s♣❡❝t✐✈❡♠❡♥t✳ ❚✐ré ❞❡
❇✐r❞s❛❧❧ ✫ ▲❛♥❣❞♦♥ ❬✸❪✱ ❋✐❣✳✽✲
✺❛✳
❖♥ ❛❞♦♣t❡ r❛r❡♠❡♥t ❧✬♦r❞r❡ ✵✱ ✭❞é♣♦s✐t✐♦♥ ♥♦♠♠é❡
✏◆❡❛r❡st ●r✐❞ P♦✐♥t✑✱ ◆●P✮ ❝❛r ❡❧❧❡ ❣é♥èr❡ tr♦♣ ❞❡ ❜r✉✐t
♥✉♠ér✐q✉❡✳ ■❧ ❡st ♣ré❢ér❛❜❧❡ ❞✬❛❧❧❡r à ❧✬♦r❞r❡ s✉♣ér✐❡✉r✱
❛✉ ♠♦✐♥s ❧✬♦r❞r❡ ✶ ✭❈■❈✮ ❡st r❡q✉✐s ♣♦✉r ♥❡ ♣❛s êtr❡
❞♦♠✐♥é ♣❛r ❧❡ ❜r✉✐t ♥✉♠ér✐q✉❡ ❛✈❡❝ ✉♥ ♥♦♠❜r❡ ❞❡ ♣❛r✲
t✐❝✉❧❡s ♣❛r ❣r✐❧❧❡ r❛✐s♦♥♥❛❜❧❡✳
❊♥ s❡ s❡r✈❛♥t ❞❡ ❧❛ ❞❡✜♥✐t✐♦♥ ❞✉ ❢❛❝t❡✉r ❞❡ ❢♦r♠❡ ❡t
❞❡s éq✉❛t✐♦♥s ❝♦♥t✐♥✉❡s ✺✳✻✲✺✳✼✱ ❧❛ ❞❡♥s✐té ❞❡ ❝❤❛r❣❡ ❡t
❧❡ ❝♦✉r❛♥t ❛✉① ♣♦s✐t✐♦♥s ❞✐s❝rèt❡s s✉r ❣r✐❧❧❡ s♦♥t ❝❛❧❝✉❧és
❝♦♠♠❡ ✿
ρ(rgrille, tn) =
∑
i
qiS(rgrille − ri) ✭✺✳✽✮
J(rgrille, tn) =
∑
i
qiviS(rgrille − ri)
✭✺✳✾✮
❉❡ ❝❡tt❡ ♠❛♥✐èr❡ ♦♥ ❝♦❧❧❡❝t❡ s✉r ❝❤❛q✉❡ ♣♦✐♥t ❣r✐❧❧❡
❧❛ ❞❡♥s✐té ❞❡ ❝❤❛r❣❡ ❡t ❧❡ ❝♦✉r❛♥t ❞❡s ♣❛rt✐❝✉❧❡s ♣r♦❝❤❡s
❞❡ ❝❡ ♣♦✐♥t ✭♣r♦①✐♠✐té ❝♦♥tr❛✐♥t❡ ♣❛r ❧❡ s✉♣♣♦rt ❝♦♠✲
♣❛❝t ❞❡s ❢❛❝t❡✉rs ❞❡ ❢♦r♠❡ S(r)✮✳ ▲❡s ✐♥t❡r❛❝t✐♦♥s à
❧♦♥❣✉❡ ❞✐st❛♥❝❡ s♦♥t ♥é❣❧✐❣é❡s ❡♥ ✈❡rt✉ ❞❡ ❧✬é❝r❛♥t❛❣❡ ❞❡
❉❡❜②❡ ❞❛♥s ❧❡ ♣❧❛s♠❛✳ ❊♥ ❢❛✐t ❧❛ t❛✐❧❧❡ s♣❛t✐❛❧❡ ❞❡ ❝❤❛q✉❡
♠❛❝r♦✲♣❛rt✐❝✉❧❡s ❡st ♦♣t✐♠❛❧❡ q✉❛♥❞ ❡❧❧❡ ❡st ♣r♦❝❤❡ ❞❡
λD✳
✺✳✶✳✸ ▲❡ ♣r✐♥❝✐♣❡ ❡t ❢♦♥❝t✐♦♥♥❡♠❡♥t
▲✬❡ss❡♥❝❡ ❞❡ ❧✬❛♣♣r♦❝❤❡ P■❈ ❡st ❞♦♥❝ ❞❡ r❡♣r♦❞✉✐r❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ♠❛❝r♦✲♣❛rt✐❝✉❧❡s
❞❛♥s ❧❡s ❝❤❛♠♣s ❛✉t♦✲❝♦♥s✐st❛♥ts✱ ❡♥ ❝♦✉♣❧❛♥t ❧❛ ❣r✐❧❧❡ ❡✉❧ér✐❡♥♥❡ ♣♦✉r ❧❡ ❝❤❛♠♣ é❧❡❝tr♦✲
♠❛❣♥ét✐q✉❡ à ✉♥❡ ❣r✐❧❧❡ ❧❛❣r❛♥❣✐❡♥♥❡ ♣♦✉r ❧❡s ♠❛❝r♦✲♣❛rt✐❝✉❧❡s✳ ▲✬✐♥t❡r♣♦❧❛t✐♦♥ ❣r✐❧❧❡
❧❛❣r❛♥❣✐❡♥♥❡ ↔ ❡✉❧ér✐❡♥♥❡ s❡ ❢❛✐t ❧♦rs ❞❡s ❞❡✉① ♦♣ér❛t✐♦♥s ✺✳✽✲✺✳✾✱ à ❧✬❛✐❞❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥
❞❡ ❢♦r♠❡ S(r)✳ ▲❡s ❞❡✉① ♦♣ér❛t✐♦♥s ❞✬✐♥t❡r♣♦❧❛t✐♦♥ ✐♥❞✉✐s❡♥t ✉♥ ❜r✉✐t st❛t✐st✐q✉❡ ✭✐✳❡✳ ♥✐✲
✈❡❛✉ ❞❡ ✢✉❝t✉❛t✐♦♥s ❛rt✐✜❝✐❡❧❧❡♠❡♥t ❣r❛♥❞✮ à ❝❛✉s❡ ❞❡ ❧❛ ❣r❛♥✉❧❛r✐té ❧♦rs ❞✉ r❡♠♣❧✐ss❛❣❡
❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❤❛s❡s ♣❛r ❧❡s ♠❛❝r♦✲♣❛rt✐❝✉❧❡s✳ ❈❡ ❜r✉✐t ❡st ♣❛r ❡ss❡♥❝❡ st❛t✐st✐q✉❡ ❡t
s♦♥ ❛♠♣❧✐t✉❞❡ ✈❛r✐❡ ❡♥ 1/
√
Npart✳ ■❧ ❢❛✉t ❞♦♥❝ ♣r❡♥❞r❡ ✉♥ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s ♣❛r ❣r✐❧❧❡
s✉✣s❛♠♠❡♥t ❣r❛♥❞ ♣♦✉r q✉❡ ❧❡ ❜r✉✐t ♥❡ s♦✐t ♣❛s ❞♦♠✐♥❛♥t s✉r ❧❡s ✢✉❝t✉❛t✐♦♥s ♣❤②s✐q✉❡s✳
❉✬❛✉tr❡ ♣❛rt✱ ❧✬♦r❞r❡ ❞✬✐♥t❡r♣♦❧❛t✐♦♥ ✭♣♦rté❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ S(r) ❡st ❛✉ss✐ ✐♠♣♦rt❛♥t ✿ ♣❧✉s
✐❧ ❡st ❣r❛♥❞✱ ♠❡✐❧❧❡✉r s❡r❛ ❧❡ ❧✐ss❛❣❡ ❡t ❧❡ ♥✐✈❡❛✉ ❞❡ ❜r✉✐t s❡r❛ ré❞✉✐t✳ ▲❛ ♣❧✉♣❛rt ❞❡s ❝♦❞❡s
❈❍❆P■❚❘❊ ✺✳ ❈❖❉❊❙ P■❈ ❊❚ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ✽✼
Eq. mvt. (x, v)
Interpolation
part. -> grille
Densité 
et courant
Champs Elec. et Magn.
Force Lorentz
 sur grille
Eq. Maxwell.
Interpolation
grille -> part. 
❋✐❣✳ ✺✳✷✿ ▲❛ ❜♦✉❝❧❡ ❞❡ ❝❛❧❝✉❧ ❞✬✉♥ ❝♦❞❡ P■❈ s✉r ✉♥ ♣❛s ❞❡ t❡♠♣s✱ ✐♥s♣✐ré ❞❡ ❬✸❪✳
P■❈ ✉t✐❧✐s❡♥t ❞❡s s♣❧✐♥❡s ❞✬♦r❞r❡ ✶ ✭❧✐♥é❛✐r❡✮ ❡t ✷ ✭q✉❛❞r❛t✐q✉❡✮ ❞♦♥t ❧❡ s✉♣♣♦rt ❡st à 2D
❡t 3D ♣♦✐♥ts ❣r✐❧❧❡✱ r❡s♣❡❝t✐✈❡♠❡♥t✳ D ❡st ❧❛ ❞✐♠❡♥s✐♦♥♥❛❧✐té s♣❛t✐❛❧❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥
✭D = 1 ♣♦✉r ✉♥❡ s✐♠✉❧❛t✐♦♥✱ ❞✐t❡ ✶❉ s♣❛t✐❛❧❡✮✳
❉❛♥s ❧❛ ✜❣✉r❡ ✺✳✷✱ ❧❡s ♣r✐♥❝✐♣❛❧❡s ét❛♣❡s ❞✬✉♥ ❝♦❞❡ P■❈ s✉r ✉♥ ♣❛s ❞❡ t❡♠♣s s♦♥t
❞é❝r✐t❡s✳ ❆♣rès ❛✈♦✐r ❞♦♥♥é ❧❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ✭❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❡t ❡♥ ✈✐t❡ss❡s
❞❡s ♣❛rt✐❝✉❧❡s✱ ✈❛❧❡✉rs ✐♥✐t✐❛❧❡s ❞❡s ❝❤❛♠♣s E ❡t B✮ ♦♥ ❛✈❛♥❝❡ t♦✉r✲à✲t♦✉r ❧❡s ♣❛rt✐❝✉❧❡s
❡t ❧❡s ❝❤❛♠♣s✱ ❧❡ ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❧❡s ❞❡✉① ét❛♥t ❛ss✉ré ♣❛r ❧✬✐♥t❡r♣♦❧❛t✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té ❞❡
❝❤❛r❣❡ ❡t ❞✉ ❝♦✉r❛♥t✳
▼❡♥t✐♦♥♥♦♥s q✉❡ s❡✉❧❡♠❡♥t ❞❡✉① ❡q✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧ s♦♥t rés♦❧✉❡s ❡♥ ♣r❛t✐q✉❡✱
❊q✳✺✳✸ ❡t ❊q✳✺✳✹✳ P♦✉r q✉❡ ❧❡ s②stè♠❡ s♦✐t ♣❤②s✐q✉❡♠❡♥t ❝♦rr❡❝t ✐❧ ❢❛✉t ❞♦♥❝ q✉❡ ❧❛ ❞✐✈❡r✲
❣❡♥❝❡ ♥✉❧❧❡ ❞❡B s♦✐t ✐♠♣❧✐❝✐t❡♠❡♥t s❛t✐s❢❛✐t❡ à t♦✉t t❡♠♣s ❡t q✉❡ ❧❛ ❝❤❛r❣❡ s♦✐t ❧♦❝❛❧❡♠❡♥t
❝♦♥s❡r✈é❡✳ ▲❡ ♣r❡♠✐❡r ♥❡ ♣♦s❡ ♣❛s ❞❡ s♦✉❝✐ ❝❛r ❧❡s ❛❧❣♦r✐t❤♠❡s ❡①✐st❛♥ts ❝♦♥s❡r✈❡♥t ❧❛
❝♦♥❞✐t✐♦♥ ❞❡ ❞✐✈❡r❣❡♥❝❡ ♥✉❧❧❡ s✐ ❡❧❧❡ ❡st s❛t✐s❢❛✐t❡ ❛✉ t❡♠♣s ✐♥✐t✐❛❧✳ ❯♥ ❛✉tr❡ ♣♦✐♥t ✐♠✲
♣♦rt❛♥t ❡st ❞❡ s❛t✐s❢❛✐r❡ ❧✬éq✉❛t✐♦♥ ❞❡ ▼❛①✇❡❧❧✲●❛✉ss ❡t ❞♦♥❝ ❛ss✉r❡r ❧❛ ❝♦♥s❡r✈❛t✐♦♥
❞❡ ❝❤❛r❣❡✳ ❊♥ ❡✛❡t✱ ❞é♣♦s❡r ❞✐r❡❝t❡♠❡♥t ❧❛ ✈✐t❡ss❡ ❞❡s ♣❛rt✐❝✉❧❡s s✉r ❧❡s ♣♦✐♥ts ❣r✐❧❧❡
♣r♦❝❤❡s à ✉♥ t❡♠♣s ❞♦♥♥é✱ s❛♥s t❡♥✐r ❝♦♠♣t❡ ❞❡ s♦♥ ♠♦✉✈❡♠❡♥t ❡♥ tr❛✈❡rs ❞❡ ❧❛ ❣r✐❧❧❡
♣❡♥❞❛♥t ❧❡ ♣❛s ❞❡ t❡♠♣s ♣♦s❡ ❧❡ ♣r♦❜❧è♠❡ ❞❡ ♥❡ ♣❛s s❛t✐s❢❛✐r❡ à ❧✬éq✉❛t✐♦♥ ❞❡ ❝♦♥t✐♥✉✐té
∂tρ + ∇J = 0 ❡t✱ ♣❛r ❝♦♥séq✉❡♥t✱ ❝❡❧❧❡ ❞❡ ▼❛①✇❡❧❧✲●❛✉ss ✭❡✳❣✳ ✈♦✐r ❬✸❪✮✳ ▲❡ rés✉❧t❛t
♥✉♠ér✐q✉❡ ❢♦✉r♥✐t ✉♥ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ E′ ✐♥❝♦rr❡❝t✳ ❯♥❡ ♠ét❤♦❞❡ ♣♦♣✉❧❛✐r❡ ❝♦♥s✐st❡ à
✽✽ ✺✳✶✳ P❘■◆❈■P❊ ❉❊❙ ❈❖❉❊❙ P❆❘❚■❈▲❊✲■◆✲❈❊▲▲ ✭P■❈✮
s♦✉str❛✐r❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ❛rt✐✜❝✐❡❧❧❡ ❡♥ ❝❛❧❝✉❧❛♥t ❧❛ ❞❡♥s✐té ❞❡ ❝❤❛r❣❡ ❛✉ t❡♠♣s tn ❞♦♥♥é
s✉✐✈❛♥t ❧❛ ❢♦r♠✉❧❡ ✿ E = E′−∇δφ✳ ▲❛ rés♦❧✉t✐♦♥ ❞❡ ∇2δφ = ∇E′− ρ ♣r♦❝✉r❡ ❧❛ ❝♦rr❡❝✲
t✐♦♥ ♥é❝❡ss❛✐r❡✳ ❈✬❡st ❧❛ ❝♦rr❡❝t✐♦♥ ❞❡ ❇♦r✐s ❬✸❪✳ ❚♦✉t❡❢♦✐s✱ ❝❡tt❡ s♦❧✉t✐♦♥ ♥✬❡st ♣❛s t♦✉t
à ❢❛✐t s❛t✐s❢❛✐s❛♥t❡ ♣✉✐sq✉❡ ❧❛ ❝♦rr❡❝t✐♦♥ ❡st ✐tér❛t✐✈❡✱ ✐❧ ❢❛✉t ♣❛r❢♦✐s ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s
❞✬✐tér❛t✐♦♥s ❛✈❛♥t ❞✬❛rr✐✈❡r à ❧❛ ♣ré❝✐s✐♦♥ ♠❛❝❤✐♥❡ ❡t ❝❡❧❛ ❡st ❝♦ût❡✉① ❡♥ t❡♠♣s ❞❡ ❝❛❧❝✉❧✳
❉❡s ♠ét❤♦❞❡s ❞❡ ❞é♣♦s✐t✐♦♥ ❞❡ ❝♦✉r❛♥t✱ ❝♦♥s❡r✈❛♥t ❧❛ ❝❤❛r❣❡ ❡t s❛t✐s❢❛✐s❛♥t ❧✬éq✉❛t✐♦♥
❞❡ ❝♦♥t✐♥✉✐té✱ ♦♥t ❛✉ss✐ été é❧❛❜♦ré❡s✳ P❛r ❡①❡♠♣❧❡✱ ❝✐t♦♥s ❝❡❧❧❡s ❞❡ ❱✐❧❧❛s❡♥♦r✲❇✉♥❡♠❛♥
❬✹❪ ❡t ❞❡ ❊s✐r❦❡♣♦✈ ❬✺❪✳
✺✳✶✳✹ ❙t❛❜✐❧✐té
▲✬❡✛❡t ❞✉ ♣❛s ❞❡ t❡♠♣s ❡t ❞✉ ♣❛s ❞❡ ❧❛ ❣r✐❧❧❡ ✜♥✐s ♣❡✉✈❡♥t ❝♦♥❞✉✐r❡ à ❞❡s ✐♥st❛❜✐✲
❧✐tés ♥✉♠ér✐q✉❡s ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s✳ ❯♥ ❝♦❞❡ P■❈ ❡①♣❧✐❝✐t❡ ❞♦✐t r❡♠♣❧✐r ❣é♥ér❛❧❡♠❡♥t
♣❧✉s✐❡✉rs ❝♦♥❞✐t✐♦♥s ♣♦✉r êtr❡ st❛❜❧❡ ❬✻❪✳
✶✳ ▲❛ ♣r❡♠✐èr❡ ❝♦♥❞✐t✐♦♥ à r❡♠♣❧✐r ❡st ❝❡❧❧❡ ❞❡ ❈♦✉r❛♥t✲❋r✐❡❞❡r✐❝❤s✲▲é✈✐ ✭❈❋▲✮ q✉✐
✐♠♣❧✐q✉❡ q✉✬❛✉❝✉♥❡ ♦♥❞❡ ✭♦✉ ♣❛rt✐❝✉❧❡✮ ♥❡ ❞♦✐t ♣♦✉✈♦✐r s❡ ♣r♦♣❛❣❡r s✉r ✉♥❡ ❞✐st❛♥❝❡
s✉♣ér✐❡✉r❡ ❛✉ ♣❛s ❞❡ ❧❛ ❣r✐❧❧❡ ✭∆x✮ s✉r ✉♥ ♣❛s ❞❡ t❡♠♣s ✭∆t✮✳ ●é♥ér❛❧❡♠❡♥t✱ ❧❛
✈✐t❡ss❡ ❧✐♠✐t❡ ❡st ❝❡❧❧❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ❡t ❧❛ ❝♦♥❞✐t✐♦♥ ❞❡ st❛❜✐❧✐té s✬é❝r✐t ✿ c∆t < α∆x✳
❖ù α ❡st ✉♥❡ ❝♦♥st❛♥t❡✱ ❞é♣❡♥❞❛♥t❡ ❞❡ ❧❛ ❞✐♠❡♥s✐♦♥♥❛❧✐té ❡t ❞❡ ❧❛ ❣é♦♠étr✐❡ ❞✉
s②stè♠❡✳ ❉❛♥s ✉♥ ❝♦❞❡ ✶❉ ✿ α = 1✳
✷✳ ▲❡ ♣❛s ❞❡ t❡♠♣s ❞♦✐t êtr❡ ❛ss❡③ ♣❡t✐t ♣♦✉r rés♦✉❞r❡ ❧❡s ✈✐❜r❛t✐♦♥s ❧❡s ♣❧✉s r❛♣✐❞❡s
❞✉ s②stè♠❡✱ ✐✳❡✳ ❧❛ ♣✉❧s❛t✐♦♥ ♣❧❛s♠❛ é❧❡❝tr♦♥✐q✉❡✳ ❈❡❧❛ ✐♠♣❧✐q✉❡ q✉❡ ∆t < 2ω−1pe
♣♦✉r êtr❡ st❛❜❧❡✳ P♦✉r q✉❡ ❧❛ ♣ré❝✐s✐♦♥ ♥✉♠ér✐q✉❡ s♦✐t s❛t✐s❢❛✐s❛♥t❡ ❝❡tt❡ ❝♦♥tr❛✐♥t❡
❡st ❡♥❝♦r❡ ♣❧✉s s❡✈èr❡ ✿ ∆t < 0.2ω−1pe ✭❡✳❣✳ ❬✸❪ ♣♦✉r ❧❛ ❞✐s❝✉ss✐♦♥ ❞❡ ❝❡ ♣♦✐♥t✮✳
✸✳ ❉❛♥s t♦✉s ❧❡s ❝❛s✱ ✉♥ ❝♦❞❡ P■❈ ❡①♣❧✐❝✐t❡ ♥❡ ❝♦♥s❡r✈❡ ♣❛s ❧✬é♥❡r❣✐❡ t♦t❛❧❡ ❞✉ s②s✲
tè♠❡ ❡t ❧❡ ♣❧❛s♠❛ ❝❤❛✉✛❡ ❧é❣èr❡♠❡♥t ❛✈❡❝ ❧❡ t❡♠♣s ❬✼❪✳ ❈❡ ❝❤❛✉✛❛❣❡ ✈✐❡♥t ❞✉
❢❛✐t q✉❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ (∆E2 + ∆B2)/8π s✉r ✉♥
♣❛s ❞❡ t❡♠♣s ❡st ❡♥ ♠♦②❡♥♥❡ s✉♣ér✐❡✉r❡ ❛✉ tr❛✈❛✐❧ ❞❡s ❝❤❛♠♣s s✉r ❧❡s ♣❛rt✐❝✉❧❡s
✭En.Jn∆t✮✳ ▲✬❡✛❡t ❡st ♣❧✉s ♦✉ ♠♦✐♥s ♣r♦♥♦♥❝é s✐ ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❉❡❜②❡ ❡st ♣❧✉s
❣r❛♥❞❡ ♦✉ ♣❧✉s ♣❡t✐t❡ q✉❡ ❧❡ ♣❛s ❞❡ ❣r✐❧❧❡✳ ❖♥ ♣❡✉t ❞♦♥❝ ❞✐♠✐♥✉❡r ❝❡t ❡✛❡t ✉♥
♣r❡♥❛♥t ✉♥ ♣❛s ❞❡ ❧❛ ❣r✐❧❧❡ ❛❞❛♣té✳ ▲❡ ♣❛s ❞❡ ❧❛ ❣r✐❧❧❡ ∆x ❞♦✐t êtr❡ ❝♦♠♣❛r❛❜❧❡
à ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❉❡❜②❡ ❞❛♥s ❧❡ ♣❧❛s♠❛✱ t②♣✐q✉❡♠❡♥t ∆x ≤ 3 − 10 λD ❬✻✱ ✼❪✳ ❙✐
❝❡tt❡ ❝♦♥❞✐t✐♦♥ ♥✬❡st ♣❛s s❛t✐s❢❛✐t❡ ✭λD ≪ ∆x✮✱ ✉♥ ❢♦rt ❛✉t♦✲❝❤❛✉✛❛❣❡ ❞✉ ♣❧❛s♠❛
s❡ ♣r♦❞✉✐t ❧❡ r❛♠❡♥❛♥t à ❧✬ét❛t ∆x ∼ λD✳
❈❡s ❝♦♥❞✐t✐♦♥s s♦♥t ♠✐♥✐♠❛❧❡s✱ ❧❡s s❛t✐s❢❛✐r❡ ♥✬✐♠♣❧✐q✉❡ ♣❛s ♥é❝❡ss❛✐r❡♠❡♥t ❧❛ st❛❜✐❧✐té
♥✉♠ér✐q✉❡✳ P❛r ❡①❡♠♣❧❡✱ ❧❛ ❞ér✐✈❡ ❞✉ ♣❧❛s♠❛ ♣❛r r❛♣♣♦rt à ❧❛ ❣r✐❧❧❡ ✜①❡ ♣❡✉t ❝❛✉s❡r
❧✬✐♥st❛❜✐❧✐té ❞✐t❡ ❞❡ ✑str❡❛♠✐♥❣✑ s✐ ❧❡ ❢❛✐s❝❡❛✉ ❡st ♣❛r❢❛✐t❡♠❡♥t ♠♦♥♦✲é♥❡r❣ét✐q✉❡✳ ❯♥❡
❞✐s♣❡rs✐♦♥ ❡♥ ✈✐t❡ss❡s tr❛♥s✈❡rs❡ ❡st ♥é❝❡ss❛✐r❡ ❛✜♥ ❞✬é✈✐t❡r ❧❛ rés♦♥❛♥❝❡ ❡♥tr❡ ❧❡ ❢❛✐s❝❡❛✉
❈❍❆P■❚❘❊ ✺✳ ❈❖❉❊❙ P■❈ ❊❚ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ✽✾
❡t ❧❛ ❣r✐❧❧❡✳ ❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ✉♥ s♦✐♥ ❡st ❞♦♥❝ ♣♦rté à ❝❤❛q✉❡ t②♣❡ ❞❡ ❝♦♥❞✐t✐♦♥s
✐♥✐t✐❛❧❡s ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ ♣♦✉r q✉❡ ❧❛ s✐♠✉❧❛t✐♦♥ s♦✐t st❛❜❧❡ s✉r ❞❡s t❡♠♣s ❧♦♥❣s ✭t ≫
ω−1pe ✮✳
✺✳✶✳✺ ❆✈❛♥t❛❣❡s ❡t ✐♥❝♦♥✈é♥✐❡♥ts
P❤②s✐q✉❡♠❡♥t ❧❡s ❝♦❞❡s P■❈ ♣❡✉✈❡♥t rés♦✉❞r❡ t♦✉t❡s ❧❡s é❝❤❡❧❧❡s s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡s
à ♣❛rt✐r ❞❡ ❧✬é❝❤❡❧❧❡ é❧❡❝tr♦♥✐q✉❡✳ ❈✬❡st à ❧❛ ❢♦✐s ❛✈❛♥t❛❣❡✉① ♠❛✐s ♥é❝❡ss✐t❡ ❞❡ ♠♦②❡♥s
✐♠♣♦rt❛♥ts ❡♥ t❡r♠❡s ❞❡ ♠é♠♦✐r❡ ❡t t❡♠♣s ❞❡ ❝❛❧❝✉❧✳ ❊♥ ♣❧✉s✱ ❧❛ str✉❝t✉r❡ ❜❛s✐q✉❡ ❞✉
❝♦❞❡ ❡st r❡❧❛t✐✈❡♠❡♥t s✐♠♣❧❡ à ♣r♦❣r❛♠♠❡r✳
▲✬❛✈❛♥t❛❣❡ ❡st ❞❡ ♣♦✉✈♦✐r ét✉❞✐❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✉ ♣❧❛s♠❛ ❥✉sq✉✬❛✉ ♣❧❡✐♥ ❞é✈❡✲
❧♦♣♣❡♠❡♥t ❞❡s ❡✛❡ts ♥♦♥✲❧✐♥é❛✐r❡s✱ ré❣✐♠❡ ❞✐✣❝✐❧❡♠❡♥t ❛❝❝❡ss✐❜❧❡ ❛♥❛❧②t✐q✉❡♠❡♥t✳ ▲❡s
❝♦❞❡s P■❈ s❡ s♦♥t ré✈é❧és très ❢r✉❝t✉❡✉① ❞❛♥s ❧✬ét✉❞❡ ❞❡s ✐♥st❛❜✐❧✐tés ♣❧❛s♠❛✱ ✐♥t❡r❛❝t✐♦♥
❧❛s❡r✲♣❧❛s♠❛ ♦✉ ❞❛♥s ❧✬ét✉❞❡ ❞❡s ❝❤♦❝s✳
▲❡s ❜❡s♦✐♥s ♠❛tér✐❡❧s ❞❡ t❡❧❧❡s s✐♠✉❧❛t✐♦♥s ❡♥tr❛✐♥❡♥t ❝❡rt❛✐♥❡s ❝♦♥tr❛✐♥t❡s ❞❡ ❧❛ ♠é✲
t❤♦❞❡✳ P♦✉r ❧❡s ét✉❞❡s à ❧♦♥❣ t❡r♠❡ ❞✉ ♣❧❛s♠❛ ✐❧ ❢❛✉t ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡ ♠✐❧❧✐❡rs
❞❡ ♣❛s ❞❡ t❡♠♣s ❛✈❡❝ ❞❡s ❜♦ît❡s ❞❡ ♣❧✉s✐❡✉rs ♠✐❧❧✐❡rs ❞❡ ♣♦✐♥ts ❣r✐❧❧❡ ❡t ❛❧❧❛♥t ❥✉sq✉✬à
♣❧✉s✐❡✉rs 109 ♣❛rt✐❝✉❧❡s ✭❡♥ ✷❉ ♦✉ ✸❉✮ ♣♦✉r ❞✐♠✐♥✉❡r ❧❡ ❜r✉✐t ♥✉♠ér✐q✉❡✳
✺✳✷ ❊t❛t ❞❡ ❧✬❛rt
❈❡tt❡ s❡❝t✐♦♥ ♣♦rt❡ s✉r ❧❛ ♣rés❡♥t❛t✐♦♥ ❡t ❛♥❛❧②s❡ ❞❡ ♣r✐♥❝✐♣❛✉① tr❛✈❛✉① s✉r ❧❡s ❝❤♦❝s
r❡❧❛t✐✈✐st❡s ✉t✐❧✐s❛♥t ❧❡s ❝♦❞❡s P■❈✳ ❆♣rès ✉♥❡ ❜rè✈❡ ♣rés❡♥t❛t✐♦♥ ❞✉ ♣r♦❜❧è♠❡ ♥✉♠ér✐q✉❡
très ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❝❛s ❞✬é❝♦✉❧❡♠❡♥ts r❡❧❛t✐✈✐st❡s ✭é♠✐ss✐♦♥ ❈❡r❡♥❦♦✈ ❛rt✐✜❝✐❡❧❧❡✮ ❥❡
♣rés❡♥t❡ ❡t ❞✐s❝✉t❡ ❧❡s tr❛✈❛✉① ré❝❡♥ts ✐♠♣♦rt❛♥ts✳ ▲❡ ❝❤♦✐① ❡st ❞❡ ❧❡s ♣rés❡♥t❡r ❞❛♥s
❧✬♦r❞r❡ ❝❤r♦♥♦❧♦❣✐q✉❡✱ ❝❡ q✉✐ ♣❡✉t ♣❛r❛✐tr❡ ✐♥❝♦♠♠♦❞❡ à ❧❛ ❧❡❝t✉r❡ ♠❛✐s ♠✬❛ s❡♠❜❧é ❧❡
♣❧✉s ♥❛t✉r❡❧✳
✺✳✷✳✶ ❆❧❣♦r✐t❤♠✐q✉❡
▲❡ ré❣✐♠❡ r❡❧❛t✐✈✐st❡ ❝♦♠♣♦rt❡ ♣❧✉s✐❡✉rs ❝♦♥tr❛✐♥t❡s s✉r ❧❡s ❝♦❞❡s P■❈✳ ❊♥ ♣r❡♠✐❡r ❧✐❡✉
❧✬✐♥té❣r❛t❡✉r ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ▲♦r❡♥t③ ❞♦✐t êtr❡ r❡❧❛t✐✈✐st❡ ❡t t❡♥✐r ❝♦♠♣t❡ ❞❡ ❧❛ ✈❛r✐❛t✐♦♥
❞✉ ❢❛❝t❡✉r γ ❞❡s ♣❛rt✐❝✉❧❡s à ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s✳ ▲✬❛❧❣♦r✐t❤♠❡ st❛♥❞❛r❞✱ ✉t✐❧✐sé ♣❛r
❧❛ ♣❧✉♣❛rt ❞❡ ❝♦❞❡s✱ ❡st ❝❡❧✉✐ ❞❡ ❇✉♥❡♠❛♥✲❇♦r✐s ❬✸❪✳ ■❧ ❝♦♥s✐st❡ à ❞é❝♦✉♣❧❡r ❧❛ ♣❛rt✐❡
é❧❡❝tr✐q✉❡ ❡t ♠❛❣♥ét✐q✉❡ ❞❛♥s ❧❡ ♣♦✉ss❡✉r ❞❡s ♣❛rt✐❝✉❧❡s✳
▲❛ ♣r✐♥❝✐♣❛❧❡ ❞✐✣❝✉❧té ❞❛♥s ❧✬ét✉❞❡ ❞✬✉♥ ✢♦t r❡❧❛t✐✈✐st❡ ✭♦✉ t❡♠♣ér❛t✉r❡s r❡❧❛t✐✈✐st❡s✮
❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ ❡st ❧✬✐♥st❛❜✐❧✐té ❞❡ ❈❡r❡♥❦♦✈✳ ❈❡tt❡ ✐♥st❛❜✐❧✐té ✈✐❡♥t ❞✉ ❢❛✐t q✉❡ ❧❛
r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ ♥✉♠ér✐q✉❡ ♣♦✉r ❧❡s ♦♥❞❡s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s ❞✉ ✈✐❞❡ ♥✬❡st ♣❛s
❡①❛❝t❡♠❡♥t ω = kc✳ ❆✉① ❣r❛♥❞s ♥♦♠❜r❡s ❞✬♦♥❞❡✱ ❞❡s ❛❧❣♦r✐t❤♠❡s ❛✉① ❞✐✛ér❡♥❝❡s ✜♥✐❡s
✾✵ ✺✳✷✳ ❊❚❆❚ ❉❊ ▲✬❆❘❚
♦♥t t♦✉❥♦✉rs ω ≤ kc✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ♣❛rt✐❝✉❧❡s✱ ❧❡✉r ✈✐t❡ss❡ ❡st ❧✐♠✐té❡ ♣❛r c
♠❛✐s✱ ❞❛♥s ❧❡ ❝❛s r❡❧❛t✐✈✐st❡✱ ✉♥❡ q✉❛♥t✐té ✐♠♣♦rt❛♥t❡ ❞✬❡♥tr❡✲❡❧❧❡s ♣❡✉✈❡♥t ♣rés❡♥t❡r
✉♥❡ ✈✐t❡ss❡ s✉♣ér✐❡✉r❡ à ❧❛ ✈✐t❡ss❡ ❞❡ ♣❤❛s❡ ♥✉♠ér✐q✉❡ ❞❡s ♦♥❞❡s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s ❞✉
✈✐❞❡ ✿ vpart ≥ vφ ❞♦♥t ❧❛ rés♦♥❛♥❝❡ ❝♦♥❞✉✐t à ❧✬✐♥st❛❜✐❧✐té✳ ■❧ ❡①✐st❡ ♣❧✉s✐❡✉rs s♦❧✉t✐♦♥s✱
♥♦♥✲❞é✜♥✐t✐✈❡s ♣♦✉rt❛♥t✱ ♣♦✉r ❛tté♥✉❡r ❧✬❡✛❡t ❞❡ ❝❡tt❡ ✐♥st❛❜✐❧✐té ✿
✶✳ ❯t✐❧✐s❡r ✉♥ ❛❧❣♦r✐t❤♠❡ ♣s❡✉❞♦✲s♣❡❝tr❛❧ ♣♦✉r ❧❛ rés♦❧✉t✐♦♥ ❞❡s éq✉❛t✐♦♥s ❞❡ ▼❛①✲
✇❡❧❧✳ ❈❡❝✐ ♣❡r♠❡t ❞❡ ❝♦♥tr❛✐♥❞r❡ ❡①❛❝t❡♠❡♥t ω = kc✱ q✉❡❧ q✉❡ s♦✐t k✳ ❚♦✉t❡❢♦✐s✱
❧✬✐♥st❛❜✐❧✐té ♣❡rs✐st❡ à ❝❛✉s❡ ❞❡s ✐♥t❡r♣♦❧❛t✐♦♥s ♣❛rt✐❝✉❧❡s↔ ❣r✐❧❧❡ ✿ ❧❛ r❡♣rés❡♥t❛t✐♦♥
❞❡s ❢❛❝t❡✉rs ❞❡ ❢♦r♠❡ ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡ ❋♦✉r✐❡r S(r) → S˜(k) ✐♠♣❧✐q✉❡ ❞❡s ✈❛❧❡✉rs
♥♦♥✲♥✉❧❧❡s ❞❛♥s ❧❛ ré❣✐♦♥ k∆x ≥ π✳ ■❧ ❡♥ rés✉❧t❡ ✉♥❡ rés♦♥❛♥❝❡ ❡♥tr❡ ❧❡s ♣❛rt✐✲
❝✉❧❡s ❡t ❧❛ ❣r✐❧❧❡ ♣♦✉r ❧❡s k ≥ π/∆x✳ ❈❡❧❛ ♥é❝❡ss✐t❡ ❞❡s ❢❛❝t❡✉rs ❞❡ ❢♦r♠❡ ❞✬♦r❞r❡
é❧❡✈é ❡t ❞❡ ♣r♦❝é❞❡r à ✉♥ ✜❧tr❛❣❡ ❞❡ ❝❡rt❛✐♥❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ♣♦✉r q✉❡ ❧✬❡✛❡t s♦✐t
❢❛✐❜❧❡✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ❝♦❞❡s ♣s❡✉❞♦✲s♣❡❝tr❛✉① ❞❛♥s ❧✬ét✉❞❡ ❞❡s ❝❤♦❝s
r❡q✉✐❡rt ❝❡rt❛✐♥s s♦✐♥s✱ ❝♦♠♠❡ ♦♥ ❧❡ ✈❡rr❛ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ s✉✐✈❛♥t✳
✷✳ ❯t✐❧✐s❡r ✉♥ ❛❧❣♦r✐t❤♠❡ ❛✉① ❞✐✛ér❡♥❝❡s ✜♥✐❡s ❞✬♦r❞r❡ é❧❡✈é ✭✐✳❡✳ ❛✉✲❞❡❧à ❞❡ ❧✬♦r❞r❡ ✷✮
♣♦✉r ❧❡s éq✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧✳ P❛r ❡①❡♠♣❧❡✱ ✉♥ s❝❤é♠❛ ❞✬♦r❞r❡ ✹ ❛ été ♣r♦♣♦sé
♣❛r ●r❡❡♥✇♦♦❞ ❡t ❛❧✳ ❬✽❪✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s✱ ❝❡ s❝❤é♠❛ à été
❛❞♦♣té ♣❛r ❙♣✐t❦♦✈s❦② ❡t ❝♦❧❧❛❜♦r❛t❡✉rs ✭❬✾✕✶✶❪✮✱ ❡♥ ♠♦❞✐✜❛♥t ❧❡ ❝♦❞❡ ❚r✐❙t❛♥✱ ❛✉①
❞✐✛ér❡♥❝❡s ✜♥✐❡s✳
✸✳ ❯t✐❧✐s❡r ✉♥ ❛❧❣♦r✐t❤♠❡ ❛✉① ❞✐✛ér❡♥❝❡s ✜♥✐❡s ✐♠♣❧✐❝✐t❡ ❡t ❛❧❧❡r à ✉♥ ♦r❞r❡ é❧❡✈é ❞❛♥s
❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡♥ sér✐❡s ❞❡ ❚❛②❧♦r ✭s♦❧✉t✐♦♥ ❞✉ ❣r♦✉♣❡ ❞❡ ❈♦♣❡♥❤❛❣✉❡✱ ❛❧❧❛♥t
❥✉sq✉❡ ❧✬♦r❞r❡ ✻✮✳ ❈❡ t②♣❡ ❞✬✐♥té❣r❛t❡✉r ❛♠♦rt✐t ❧✬é♥❡r❣✐❡ ❞❡s ♦♥❞❡s ❬✶✷❪ ❡t ♣❡r♠❡t
❞✬❛tté♥✉❡r ❧✬❡✛❡t ❞❡ ❧✬✐♥st❛❜✐❧✐té✳
▲❡ ♣r✐♥❝✐♣❛❧ ♦❜❥❡❝t✐❢ ❡st ❞❡ ♣♦✉✈♦✐r s✉✐✈r❡ ❧❡ ❝❤♦❝ ♣❡♥❞❛♥t ✉♥❡ ❞✉ré❡ ❧♦♥❣✉❡✱ ❝❛r ❧❡
t❡♠♣s ❞❡ ❢♦r♠❛t✐♦♥ ❞✉ ❢r♦♥t ❡t ❧❡ ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥ ♣❡✉✈❡♥t êtr❡ ❧❡♥ts ❡t ❧❛ ✈✐t❡ss❡
❞✉ ❝❤♦❝ ♣r♦❝❤❡ ❞❡ c✳ ❈❡❧❛ ♥é❝❡ss✐t❡r❛✐t ❞❡s ❜♦ît❡s ❞❡ s✐♠✉❧❛t✐♦♥ ❡①trê♠❡♠❡♥t ❣r❛♥❞❡s✳
P♦✉r ❝❡tt❡ r❛✐s♦♥✱ ❧❡s ❛✉t❡✉rs ❬✶✶❪ ❞é✈❡❧♦♣♣❡♥t ✉♥❡ t❡❝❤♥✐q✉❡ ❞✬✐♥❥❡❝t❡✉r ♠♦✉✈❛♥t à ❧❛
✈✐t❡ss❡ ≃ c q✉✐ ♣❡r♠❡t ❞✬❛❣r❛♥❞✐r ❧❛ ❜♦✐t❡ ♣❡♥❞❛♥t ❧❛ s✐♠✉❧❛t✐♦♥ s❛♥s ❛❧tér❡r ❧❛ str✉❝t✉r❡
❞✉ ❝❤♦❝✳ ❯♥❡ s♦❧✉t✐♦♥ ❡♥❝♦r❡ ♣❧✉s é❝♦♥♦♠✐q✉❡ ❡st ✉♥❡ ❢❡♥êtr❡ ❣❧✐ss❛♥t❡ ❬✶✸❪✱ ❝❡♥tré❡ s✉r
❧❡ ❢r♦♥t ❞❡ ❝❤♦❝✳ ❈❡❧❛ ♣❡r♠❡t ❞❡ s✉✐✈r❡ s♦♥ é✈♦❧✉t✐♦♥ ♣❡♥❞❛♥t ♣❧✉s ❧♦♥❣t❡♠♣s✳ ❈❡tt❡
♠ét❤♦❞❡ ❡st ♣♦✉rt❛♥t r❡str✐❝t✐✈❡ ♣✉✐sq✉❡ ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ❜♦ît❡ r❡st❡ r❡❧❛t✐✈❡♠❡♥t ♣❡t✐t❡✱
♥❡ ♣❡r♠❡tt❛♥t ❞♦♥❝ ♣❛s ❛✉① ♣❛rt✐❝✉❧❡s ❞❡ ❞✐✛✉s❡r s✉r ❧❡s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s ♣❧✉s ❣r❛♥❞❡s✱
❞✬♦ù ✉♥❡ ❧✐♠✐t❛t✐♦♥ ❞✉ ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥✳
P❛ss♦♥s ♠❛✐♥t❡♥❛♥t ❛✉① tr❛✈❛✉① ré❝❡♥ts✳ ▲✬♦r❞r❡ ❡t❛♥t ❝❤r♦♥♦❧♦❣✐q✉❡✱ ❧❛ ❧❡❝t✉r❡ s❡ ❢❛✐t
♣❛r❢♦✐s ✏♣❛r s❛✉ts✑✳ ◗✉❡❧q✉❡s ✐♥❢♦r♠❛t✐♦♥s ❜❛s✐q✉❡s ♣♦✉r ❝❤❛q✉❡ tr❛✈❛✐❧ s♦♥t r❡❣r♦✉♣é❡s
❞❛♥s ❧❡ t❛❜❧❡❛✉ ❝✐✲❞❡ss♦✉s✱ ❛✜♥ ❞✬♦r✐❡♥t❡r ❧❛ ❧❡❝t✉r❡✳ ▲❡s tr❛✈❛✉① s♦♥t r❛♥❣és ♣❛r ❧✬♦r❞r❡
❞❡ ♣rés❡♥t❛t✐♦♥✳
❈❍❆P■❚❘❊ ✺✳ ❈❖❉❊❙ P■❈ ❊❚ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ✾✶
❆✉t❡✉r✭s✮ ❈♦♠♣♦s✳ ❉✐♠❡♥on ❈❤♦❝ ❢♦r♠é ❄ σ θB ✱✭◦✮
▲❛♥❣❞♦♥ ❡t ❛❧✳ ✶✾✽✽ ❬✶✹❪ e− − e+ ✶❉ ♦✉✐ [0.1; 13.3] ✾✵
●❛❧❧❛♥t ❡t ❛❧✳ ✶✾✾✷ ❬✶✺❪ e− − e+ ✶❉ ♦✉✐ [3 · 10−5; 5] ✾✵
▲②✉❜❛rs❦② ✷✵✵✻ ❬✶✻❪ e− − ion ✶❉ ♦✉✐ 3 · 10−3 ✾✵
❍♦s❤✐♥♦ ✷✵✵✽ ❬✶✼❪ e− − ion ✶❉ ♦✉✐ 2 · 10−3 ✾✵
❉✐❡❝❦♠❛♥♥ ❡t ❛❧✳ ✷✵✵✽ ❬✶✽❪ e− − ion ✶❉✱✷❉ ♦✉✐ 2, 5 · 10−3 ≃ 10
◆✐s❤✐❦❛✇❛ ❡t ❛❧✳ ✷✵✵✸ ❬✶✾❪ e− − ion ✸❉ ♥♦♥ ✵ ✲
❋r❡❞❡r✐❦s❡♥ ✰ ✷✵✵✹ ❬✷✵❪ e− − ion ✸❉ ♥♦♥ ✵ ✲
❍❡❞❡❞❛❧ ✰ ✷✵✵✹ ❬✷✶❪ e− − ion ✸❉ ♥♦♥ ✵ ✲
❙♣✐t❦♦✈s❦② ✷✵✵✺ ❬✾❪ e− − e+ ✸❉ ♦✉✐ [0; 0.1] ✾✵
❑❛t♦ ✷✵✵✼ ❬✷✷❪ e− − e+ ✷❉ ♦✉✐ ✵ ✲
❈❤❛♥❣ ✰ ✷✵✵✽ ❬✶✵❪ e− − e+ ✷❉ ♦✉✐ ✵ ✲
❙♣✐t❦♦✈s❦② ✷✵✵✽❛ ❬✷✸❪ e− − ion ✷❉ ♦✉✐ ✵ ✲
❙♣✐t❦♦✈s❦② ✷✵✵✽❜ ❬✷✹❪ e− − e+ ✷❉ ♦✉✐ ✵ ✲
❑❡s❤❡t ✰ ✷✵✵✾ ❬✷✺❪ e− − e+ ✷❉ ♦✉✐ ✵ ✲
▼❛rt✐♥s ✰ ✷✵✵✾ ❬✷✻❪ e− − ion ✷❉ ♦✉✐ ✵ ✲
❙✐r♦♥✐ ✫ ❙♣✐t✳ ✷✵✵✾ ❬✶✶❪ e− − e+ ✷❉ ♦✉✐ ✵✳✶ [0; 90]
❙✐r♦♥✐ ✫ ❙♣✐t✳ ✷✵✶✶ ❬✷✼❪ e− − ion ✷❉✱✸❉ ♦✉✐ [10−5; 0.1] [0; 90]
❍❛✉❣❜ø❧❧❡ ✷✵✶✶ ❬✶✸❪ e− − ion ✷❉✱✸❉ ♦✉✐ ✵ ✲
❙✐r♦♥✐ ✰ ✷✵✶✸ ❬✷✽❪ e− − e+✱ e− − ion ✷❉✱✸❉ ♦✉✐ [0; 0.1] ✾✵
❇r❡t ✰ ✷✵✶✸ ❬✷✾❪ e− − e+ ✷❉ ♦✉✐ ✵ ✲
❖ù σ ❡st ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ t♦t❛❧❡ ❞✉ ♣❧❛s♠❛✳ ▲❡s ♣❛r❡♥t❤ès❡s [] ✐♥❞✐q✉❡♥t q✉✬✉♥ ❡♥s❡♠❜❧❡
❞❡ ✈❛❧❡✉rs✱ ❝♦♠♣r✐s❡s ❡♥tr❡ ❝❡❧❧❡s q✉✐ s♦♥t ✐♥❞✐q✉é❡s à ❧✬✐♥tér✐❡✉r✱ ❡st ❡①♣❧♦ré✳
✺✳✷✳✷ ➱t✉❞❡s ✶❉ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s
▲❛♥❣❞♦♥ ❡t ❛❧✳ ✶✾✽✽ ❬✶✹❪ ✿ ▲❡s ❛✉t❡✉rs ♣rés❡♥t❡♥t ❞❡s s✐♠✉❧❛t✐♦♥s ✶❉ ❞❡ ❝❤♦❝s ♣❡r✲
♣❡♥❞✐❝✉❧❛✐r❡s ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s e− − e+✱ à ♠❛❣♥ét✐s❛t✐♦♥ ❛❧❧❛♥t ❞❡ ✵✳✶ à ✶✸✳✸
❡t ❢❛❝t❡✉rs ❞❡ ▲♦r❡♥t③ ❞❡s ❝❤♦❝s γsh ∈ [20, 40] ❡t ♥♦♠❜r❡ ❞❡ ▼❛❝❤ ❆❧❢✈é♥✐q✉❡s ❞✉ ❝❤♦❝
rés✉❧t❛♥t✱ ❛❧❧❛♥t ❞❡ ✷✹ à ✶✺✹✳ ▲❛ t❛✐❧❧❡ ❞❡s ❜♦✐t❡s ❞❡ s✐♠✉❧❛t✐♦♥ ✈❛ ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s
❞❡ rL ✭σ = 0.1✮ à q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ rL ✭σ = 13.3✮✳ ❈✬❡st ❧❛ ♣r❡♠✐èr❡ ét✉❞❡ ❞❡s ❝❤♦❝s
r❡❧❛t✐✈✐st❡s ❛✉ ♠♦②❡♥ ❞❡s ❝♦❞❡s P■❈✳ ▲❡ ❝❤♦❝ ❡st ❡♥❝❧❡♥❝❤é ❧♦rsq✉❡ ❧❡ ♣❧❛s♠❛✱ ✐♥❥❡❝té ❞✉
❝ôté ❣❛✉❝❤❡✱ ❡st ré✢é❝❤✐ s✉r ❧❡ ♠✉r ❞r♦✐t ❡t ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ✭✐♥❥❡❝té ✰ ré✢é❝❤✐✮
♣r♦❞✉✐t ❧❡ ❝❤♦❝✳ ▲❡ ré❢ér❡♥t✐❡❧ ❛✉ r❡♣♦s ❞❡ ❝❡s s✐♠✉❧❛t✐♦♥s ❡st ❝❡❧✉✐ ❞✉ ♣❧❛s♠❛ ❛✈❛❧✱ ❉❘❋
✭✈♦✐r ❧❛ s❡❝t✐♦♥ ✷✳✸ ❞❡ ❝❡tt❡ t❤ès❡ ♣♦✉r s❛ ❞é✜♥✐t✐♦♥✮✳
▲❛ str✉❝t✉r❡ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ ❡st ❝♦♠♣❛ré❡ à ❧❛ t❤é♦r✐❡ ❞❡ s♦❧✐t♦♥s r❡❧❛t✐✈✐st❡s ❞❛♥s
✉♥ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s ♠❛❣♥ét✐sé ❞❡ ❆❧s♦♣ ✫ ❆r♦♥s ❬✸✵❪✳ ▲✬❛❝❝♦r❞ s❡♠❜❧❡ r❛✐s♦♥♥❛❜❧❡ ♣♦✉r
σ ≥ 1.0 ✷ ❡t ❧❡ s♦❧✐t♦♥ ❝♦♥t✐❡♥t ✉♥❡ s❡✉❧❡ ❜♦✉❝❧❡ ❞❡ ♣❛rt✐❝✉❧❡s ré✢é❝❤✐❡s s✉r ❧❡ ❢r♦♥t ❞❡
❝❤♦❝✳ ❆ σ ≪ 1 ❧❛ str✉❝t✉r❡ ❞✉ ❢r♦♥t ❡st ♣❧✉s ❝❤❛♦t✐q✉❡✳ ❈❡tt❡ ré❣✐♦♥ ❛ss✉r❡ ❧❛ tr❛♥s✐t✐♦♥
✷▲❡ ♣❛r❛♠ètr❡ ❞❡ ♠❛❣♥ét✐s❛t✐♦♥ ❡st ❞é✜♥✐ ❞❛♥s ❝❡tt❡ ét✉❞❡ ❝♦♠♠❡ σ = Flux de Poynting
Flux d′energie de masse
=
B2
0
8πmn0γ
2
inj
c2
✾✷ ✺✳✷✳ ❊❚❆❚ ❉❊ ▲✬❆❘❚
❡♥tr❡ ❧❡ ♠✐❧✐❡✉ ❛♠♦♥t ❡t ❛✈❛❧✳ ❉❛♥s ❧❡ ♣❧❛s♠❛ ❛✈❛❧✱ ❧❡ tr❛✐♥ ❞✬♦♥❞❡s ❡st r❛♣✐❞❡♠❡♥t ❛♠♦rt✐
♣❛r ❧❡s ❡✛❡ts ♥♦♥✲❧✐♥é❛✐r❡s ❞❡ ❢❛ç♦♥ à ❢♦r♠❡r ✉♥❡ ♦♥❞❡ ❞❡ ❝❤♦❝✳
▲❡s ♣r✐♥❝✐♣❛✉① rés✉❧t❛ts ❞✉ tr❛✈❛✐❧ s♦♥t ❧❡s s✉✐✈❛♥ts ✿
✕ ❉❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ♥♦♥✲❝♦❧❧✐s✐♦♥♥❡❧s ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s ❡①✐st❡♥t ❡t s♦♥t
st❛t✐♦♥♥❛✐r❡s✳
✕ ▲❛ ❜❛rr✐èr❡ ♣♦✉r ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝ ❡st ♣✉r❡♠❡♥t ♠❛❣♥ét✐q✉❡ ❝❛r ✐❧ ♥✬② ♣❛s
❞✬❡✛❡ts ❞❡ ❝❤❛r❣❡ ❞✬❡s♣❛❝❡ ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s✳
✕ Prés❡♥❝❡ ❞✬✉♥ ♣ré❝✉rs❡✉r é❧❡❝tr♦♠❛❣♥ét✐q✉❡ s♦✉s ❢♦r♠❡ ❞✬✉♥❡ ♦♥❞❡✱ ❝♦rr❡s♣♦♥❞❛♥t
❛✉ ♠♦❞❡ ❡①tr❛✲♦r❞✐♥❛✐r❡ ✭❛♣♣❡❧é ❛✉ss✐ ♠♦❞❡ ❳✮✳ ❈❡ ♣ré❝✉rs❡✉r rés✉❧t❡r❛✐t ❞❡ ❧✬✐♥✲
st❛❜✐❧✐té ♠❛s❡r✲s②♥❝❤r♦tr♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❡♥ ❛♥♥❡❛✉ ❞❡s ♣❛rt✐❝✉❧❡s ❛✉ ❢r♦♥t✳
▲✬❛♠♣❧✐t✉❞❡ ❞❡ ❝❡ ♠♦❞❡ r❡❧❛t✐✈❡♠❡♥t à ❝❡❧❧❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡♥ ❛✈❛❧ ❡st ❧❛
♣❧✉s ❣r❛♥❞❡ ♣♦✉r σ = 0.1✳ ❉❛♥s t♦✉s ❧❡s ❝❛s✱ ❧❡ ♣❧❛s♠❛ ❛✈❛❧ ❝♦♥t✐❡♥t ✉♥❡ ❢r❛❝t✐♦♥
❞✬é♥❡r❣✐❡ s✐❣♥✐✜❝❛t✐✈❡ ❞❛♥s ❝❡s ✢✉❝t✉❛t✐♦♥s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s✱ q✉✐ ♥❡ s♦♥t ♣❛s
t♦t❛❧❡♠❡♥t ❛♠♦rt✐❡s à ❧❛ ✜♥ ❞❡s s✐♠✉❧❛t✐♦♥s✳
✕ ▲❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❛♥s ❧❡ ♣❧❛s♠❛ ❛✈❛❧ ❡st ✉♥❡ ♠❛①✇❡❧❧✐❡♥♥❡✳ P❛s ❞❡ ♣❛rt✐❡
❛❝❝é❧éré❡✱ ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡✳
▲❡ ♠ér✐t❡ ❞❡ ❝❡ tr❛✈❛✐❧ ❡st ✉♥❡ ✐❧❧✉str❛t✐♦♥ ❝❧❛✐r❡ ❞❡ ❧✬❡①✐st❡♥❝❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s
❞❛♥s ✉♥ ♣❧❛s♠❛ s❛♥s ❝♦❧❧✐s✐♦♥✳ ■❧ ♠❛♥q✉❡ t♦✉t❡❢♦✐s✱ ✉♥❡ t❤é♦r✐❡ q✉❛♥t✐t❛t✐✈❡ q✉✐ ❡①✲
♣❧✐q✉❡ ❧✬❛♠♣❧✐t✉❞❡ ❞✉ ♣ré❝✉rs❡✉r é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❡t s♦♥ ♠é❝❛♥✐s♠❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝
❧❡ ♣❧❛s♠❛ ❛♠♦♥t✳
▲❛ t❤é♦r✐❡ ❞❡s s♦❧✐t♦♥s ♠❛❣♥ét♦✲s♦♥✐q✉❡s ♥✬❡st ♣❧✉s ❛♣♣❧✐❝❛❜❧❡ à σ ≪ 1 ❡t ❧❡s ❛✉t❡✉rs
❞é❝r✐✈❡♥t ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ❞❛♥s ❝❡ ❝❛s ❝♦♠♠❡ ♣❧✉s ❝❤❛♦t✐q✉❡✳ ▲❛ q✉❡st✐♦♥ ♣❡rs✐st❛♥t❡
✐ss✉❡ ❞❡ ❝❡ tr❛✈❛✐❧ ✿ q✉❡❧ ❡st ❧❡ ♣r♦❝❡ss✉s ♣❧❛s♠❛✱ r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❡t ❡♥tr❡t✐❡♥
❞✉ ❝❤♦❝ à σ ≪ 1✱ ré❣✐♠❡ ❧❡ ♣❧✉s ✐♥tér❡ss❛♥t ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❛str♦♣❤②s✐q✉❡ ❄
●❛❧❧❛♥t ❡t ❛❧✳ ✶✾✾✷ ❬✶✺❪ ✿ ❉❛♥s ❧❛ ❝♦♥t✐♥✉✐té ❞✉ tr❛✈❛✐❧ ♣ré❝é❞❡♥t✱ ❝❡tt❡ ét✉❞❡ ❡st ♣❧✉s
❞ét❛✐❧❧é❡✳ ❊❧❧❡ ❝♦♥t✐❡♥t ✉♥❡ ét✉❞❡ s②sté♠❛t✐q✉❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t ♦❜t❡♥✉❡s ✭❞❡♥s✐té✱
t❡♠♣ér❛t✉r❡✮✱ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ σ ∈ [3 · 10−3, 5]✳
▲❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❞✉ ♣❧❛s♠❛ ✐♥❥❡❝té à ♣❛rt✐r ❞❡ ❧✬✐♥❥❡❝t❡✉r ❡st ✜①❡ γinj = 106 ❛✈❡❝ ❧❡
❝♦❞❡ ❩❖❍❆❘ ♦✉ γinj = 40 ❛✈❡❝ ❧❡ ❝♦❞❡ ❙❚❆❘❋■❊▲❉✳ ❚♦✉s ❧❡s ❞❡✉① s♦♥t ❞❡s ❝♦❞❡s P■❈
✶❉ ❛✉① ❞✐✛ér❡♥❝❡s ✜♥✐❡s✳
▲❡s ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t ▼❍❉✱ s♦♥t ré✲❡①♣r✐♠é❡s ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❛✈❛❧ ✭✐✳❡✳ ré❢ér❡♥t✐❡❧
❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✮✳ ❈❡s ❝♦♥❞✐t✐♦♥s s♦♥t s❡♥s✐❜❧❡♠❡♥t ❞✐✛ér❡♥t❡s ❞❡s r❡❧❛t✐♦♥s ❞❡ ❇❧❛♥❞❢♦r❞✲
▼❝❑❡❡✱ ❞é❝r✐t❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✷ ❞❡ ❝❡tt❡ t❤ès❡✱ ♣✉✐sq✉❡ σ ♣❡✉t êtr❡ ❣r❛♥❞ ❡t ✐♥✢✉❡
❞②♥❛♠✐q✉❡♠❡♥t s✉r ❧❡ ✢♦t✳ ❯♥ ❛❝❝♦r❞ r❛✐s♦♥♥❛❜❧❡ ❡st tr♦✉✈é ❡♥tr❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡
s❛✉t ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❡t ❧❛ ♣ré❞✐❝t✐♦♥ ❞❡ ❧❛ ▼❍❉ ✐❞é❛❧❡ ✭❋✐❣✉r❡s ✹✲✺ ❞❡ ❧✬❛rt✐❝❧❡✮✳ ▲❡s
❛✉t❡✉rs ♦♥t ❛✉ss✐ t❡♥✉ ❝♦♠♣t❡ ❞❡ ❧✬é♥❡r❣✐❡ tr❛♥s♠✐s❡ ❛✉① ✢✉❝t✉❛t✐♦♥s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s
✭✐✳❡✳ t❡r♠❡ ✢✉❝t✉❛♥t ❞❡ E = 〈E〉 + δE ❡t B = 〈B〉 + δB✮✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ❞❡r♥✐èr❡
❈❍❆P■❚❘❊ ✺✳ ❈❖❉❊❙ P■❈ ❊❚ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ✾✸
❛♥❛❧②s❡ ♥✬❡st ♣❛s ❡♥t✐èr❡♠❡♥t ❛✉t♦✲❝♦♥s✐st❛♥t❡✳
❉❛♥s ❧❡s ré❣✐♠❡s ét✉❞✐és✱ ❧❡ ❝❤♦❝ s❡ ❢♦r♠❡ t♦✉❥♦✉rs ♣❛r ré✢❡①✐♦♥ ♠❛❣♥ét✐q✉❡ ❞❡ t♦✉t❡s
❧❡s ♣❛rt✐❝✉❧❡s✱ ❧♦❝❛❧❡♠❡♥t✳ ▲✬é♠✐ss✐♦♥ ❞✬✉♥ ♣ré❝✉rs❡✉r é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ✐♥t❡♥s❡ ♣❛r ❧❡
❢r♦♥t ❡st ❝♦♥✜r♠é❡ ❡t ❧❡s ♣r♦♣r✐étés ❞❡ ❝❡ ♣ré❝✉rs❡✉r s♦♥t ét✉❞✐é❡s ♣❧✉s ❡♥ ❞ét❛✐❧ q✉❡ ❞❛♥s
❬✶✹❪✳ ▲✬❡✣❝❛❝✐té ❞❡ ❝♦♥✈❡rs✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❞✉ ❝❤♦❝ ❡♥ ♣ré❝✉rs❡✉r é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❡st
♠❛①✐♠❛❧❡ ♣♦✉r σ ∼ 0.1 ❡t ✉♥❡ ❢r❛❝t✐♦♥ ∼ 1/10 ❞❡ ❧✬é♥❡r❣✐❡ ❞✉ ❝❤♦❝ s❡ r❡tr♦✉✈❡ ❞❛♥s ❧❡
♣ré❝✉rs❡✉r✳
❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ♣❛r ❧❡ ❝❤♦❝✱ ❛✉❝✉♥❡ ♣❛rt✐❡ s✉♣r❛✲
t❤❡r♠✐q✉❡ ♥✬❡st ♦❜s❡r✈é❡ ❞❛♥s ❝❡s s✐♠✉❧❛t✐♦♥s✱ ❝♦♥✜r♠❛♥t ❧❡s rés✉❧t❛ts ❞❡ ❬✶✹❪✳ ▲✬❛❝✲
❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ♣❛r ❧❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s r❡st❡ r❡♠✐s❡ ❡♥ q✉❡st✐♦♥ s✉✐t❡ à ❝❡s
ét✉❞❡s✳ ▲❛ q✉❡st✐♦♥ ♣❡rs✐st❛♥t❡ ❡st ❞♦♥❝ s♦✐t ❧✬❛❝❝é❧ér❛t✐♦♥ ❡st t♦t❛❧❡♠❡♥t ❛❜s❡♥t❡ ❞❛♥s
✉♥ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s✱ ❡♥ ét✉❞✐❛♥t ❧❡ ❝❤♦❝ ❞❡ ♠❛♥✐èr❡ ❛✉t♦✲❝♦♥s✐st❛♥t❡✱ s♦✐t ❧❡ t❡♠♣s ❞❡s s✐✲
♠✉❧❛t✐♦♥s ❡st ✐♥s✉✣s❛♥t ♦✉ ❜✐❡♥ ❧❛ ❣é♦♠étr✐❡ ✶❉✱ ❛❞♦♣té❡✱ ❡st ✐♥s✉✣s❛♥t❡ ♣♦✉r ❝❛♣t✉r❡r
❧❡ ♠é❝❛♥✐s♠❡ ♣❤②s✐q✉❡ r❡s♣♦♥s❛❜❧❡ ❞❡ ❧✬❛❝❝é❧ér❛t✐♦♥✳
▲②✉❜❛rs❦② ✷✵✵✻ ❬✶✻❪ ✿ ❈❡ tr❛✈❛✐❧ ❡①♣❧♦r❡ ❧✬❡✛❡t ❞✉ ❢♦rt ♣ré❝✉rs❡✉r ❡t ❞❡ ❧✬✐♥st❛❜✐❧✐té
♠❛s❡r✲s②♥❝❤r♦tr♦♥ ❞❛♥s ❧❡s ❝❤♦❝s é❧❡❝tr♦♥s✲✐♦♥s à ♠❛❣♥ét✐s❛t✐♦♥ ♠♦②❡♥♥❡ ✭é❧❡❝tr♦♥s ❢♦r✲
t❡♠❡♥t ♠❛❣♥ét✐sés ♠❛✐s ♣❛s ❧❡s ✐♦♥s✮✳ ▲❡ ❝❤♦❝ ❡st ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ θB = 90◦✳ ▲❡ ♥✐✈❡❛✉
❞✬é♥❡r❣✐❡ ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ❡st ✉♥❡ ❢r❛❝t✐♦♥ ❞✬é♥❡r❣✐❡ ❞❡ ♠❛ss❡ ✐♥❝✐❞❡♥t❡ ≃ γ2shn0mpc2✱
❞♦♠✐♥é❡ ♣❛r ❧❡s ✐♦♥s✳ ❯♥ ♠é❝❛♥✐s♠❡ ❞❡ ❢♦rt ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❧❡s ✐♦♥s ❡t é❧❡❝tr♦♥s ❡st
♣rés❡♥té ✭♦s❝✐❧❧❛t✐♦♥s r❡❧❛t✐✈✐st❡s ❞❡s é❧❡❝tr♦♥s ❞❛♥s ❧❡ s✐❧❧❛❣❡ ❞✬✉♥❡ ❢♦rt❡ ♦♥❞❡ é❧❡❝tr♦♠❛✲
❣♥ét✐q✉❡✮ q✉✐ rés✉❧t❡ ❡♥ ✉♥ ❝❤❛✉✛❛❣❡ ❞✬é❧❡❝tr♦♥s à ❧✬éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ✐♦♥s✳
❈❡ ♠♦❞è❧❡ ❡st ✈❛❧✐❞é ♣❛r ✉♥❡ s✐♠✉❧❛t✐♦♥ P■❈ ✶❉ ❞é❞✐é❡ ❛✈❡❝ ❧❡s ♣❛r❛♠ètr❡s s✉✐✈❛♥ts ✿
r❛♣♣♦rt ❞❡ ♠❛ss❡s mi/me = 200✱ γinj = 50✱ σi = 0.003✱ σe = 0.6✳ ❊♥ r❛✐s♦♥ ❞❡ ❧❛
♠❛ss❡ ❞❡s ✐♦♥s✱ ❧❛ ❜♦✐t❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❞♦✐t êtr❡ ✷✵✵ ❢♦✐s ♣❧✉s ❣r❛♥❞❡ ♣❛r r❛♣♣♦rt ❛✉
❝❛s ❞✉ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s✱ mi = me✳ ▲❛ t❛✐❧❧❡ ❞❡ ❧❛ ❜♦✐t❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❡st ❞♦♥❝ ❞❡
8.6RL,i = 204000∆✳ ❯♥❡ ❢♦✐s ❧❡ ❝❤♦❝ ❢♦r♠é✱ ✉♥ ❢♦rt ♣ré❝✉rs❡✉r é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❡st
é♠✐s ♣❛r ❧❡ ❢r♦♥t✱ ❧❡ ✢♦t ❞✬é❧❡❝tr♦♥s ❡st ❛❝❝é❧éré ❛✉ ❞é♣❡♥s ❞✉ ✢♦t ❞❡s ✐♦♥s✱ r❛❧❡♥t✐✳
▲✬♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❝♦❤ér❡♥t❡ s❡♠❜❧❡ ❞♦♥❝ êtr❡ ✉♥ ♠é❞✐❛t❡✉r ❡✣❝❛❝❡ ♣♦✉r ♠❡ttr❡
❧❡s é❧❡❝tr♦♥s ❡♥ éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ✐♦♥s ❞❛♥s ❧❡ ♣❧❛s♠❛ ❛✈❛❧✳ ▲✬❛rt✐❝❧❡ ❡①♣❧♦r❡ ❞❡s
γinj ∈ [2, 50]✳
❈♦♠♠❡ ❞❛♥s ❧❡s ét✉❞❡s ✶❉ ♣ré❝é❞❡♥t❡s✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡ ♠✐❧✐❡✉
❛✈❛❧ ❡st ✉♥❡ ♠❛①✇❡❧❧✐❡♥♥❡✱ ♣❛s ❞❡ ♣❛rt✐❡ s✉♣r❛✲t❤❡r♠✐q✉❡✱ ♠ê♠❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ♣❧❛s♠❛
é❧❡❝tr♦♥s✲✐♦♥s✳
❍♦s❤✐♥♦ ✷✵✵✽ ❬✶✼❪ ✿ ➱t✉❞✐❡ ❞✬❛✈❛♥t❛❣❡ ❧✬✐❞é❡ ❞❡ ▲②✉❜❛rs❦② ❡t ♣r♦♣♦s❡ q✉❡ ❧✬✐♥st❛❜✐❧✐té
♠❛s❡r✲s②♥❝❤r♦tr♦♥ s♦✐t à ❧✬♦r✐❣✐♥❡ ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡ ❝❤♦❝ r❡❧❛t✐✈✐st❡✳
▲❡s ♣❛r❛♠ètr❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✶❉ s♦♥t ❧❡s s✉✐✈❛♥ts ✿ ❧❡ ❝❤♦❝ ❡st ♣❡r♣❡♥❞✐❝✉❧❛✐r❡
✾✹ ✺✳✷✳ ❊❚❆❚ ❉❊ ▲✬❆❘❚
θB = 90
◦✱ ❧❛ ❜♦✐t❡ ❡st Nx = 5300δe✱ n0 = 100♣❛rt✴❣r✐❧❧❡✱ mi/me = 50 σ = 2 · 10−3✱
γinj = 10 ❡t Tmax = 5431ω−1pe ✳
▲❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝ ❡st s✉✐✈✐❡ ♣❛r ❧✬é♠✐ss✐♦♥ ❞✬✉♥❡ ♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❞❡ ❣r❛♥❞❡
❛♠♣❧✐t✉❞❡ ♣❛r ❧❡ ❢r♦♥t ✭♣ré❝✉rs❡✉r✮✳ ❉❛♥s ❧❡ s✐❧❧❛❣❡ ❞❡ ❧✬♦♥❞❡ ✭✇❛❦❡✜❡❧❞✮ ❧❡ ❝❤❛♠♣ é❧❡❝tr♦✲
st❛t✐q✉❡ ✐♥❞✉✐t ✉♥❡ ❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✳ ❉❛♥s ❧❡ ♣❧❛s♠❛ ❛✈❛❧ ❧❡s é❧❡❝tr♦♥s s♦♥t ❡♥
éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ✐♦♥s✱ ❝♦♥✜r♠❛♥t ❧❡ ♠♦❞è❧❡ ❞❡ ▲②✉❜❛rs❦②✳ ▲❡s ♣r♦t♦♥s s♦♥t ❛❝❝é❧érés
❥✉sq✉❡ γmax,i = 8γinj ❡t é❧❡❝tr♦♥s ❥✉sq✉❡ γmax,e = 250γinj ✳
❈❡ rés✉❧t❛t ❝♦♥tr❛st❡ ❛✈❡❝ ❝❡❧✉✐ ❞❡ ▲②✉❜❛rs❦②✱ q✉✐ tr♦✉✈❡ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ♣✉r❡♠❡♥t
♠❛①✇❡❧❧✐❡♥♥❡ ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s s✐♠✐❧❛✐r❡s✱ ❡t ❛✈❡❝ ❝❡✉① ❞❡ ❙✐r♦♥✐ ✫ ❙♣✐t❦♦✈s❦② ❬✷✼❪
✭s✐♠✉❧❛t✐♦♥s ✷❉✱ ❞✐s❝✉té❡s ♣❧✉s ❧♦✐♥✮ q✉✐ ♥❡ tr♦✉✈❡♥t ♣❛s ❞✬❛❝❝é❧ér❛t✐♦♥ ♠❛✐s ✉♥ ❢♦rt
❝❤❛✉✛❛❣❡✳
❉✐❡❝❦♠❛♥♥ ❡t ❛❧✳ ✷✵✵✽ ❬✶✽❪ ✿ ➱t✉❞✐❡♥t ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❝❤♦❝ ♠♦❞éré♠❡♥t r❡❧❛t✐✈✐st❡
❡t ❢♦rt❡♠❡♥t ♠❛❣♥ét✐sé✱ à ✷❉ ❡t ✶❉✳ ▲❡s s✐♠✉❧❛t✐♦♥s ✷❉ s♦♥t ♣❡t✐t❡s ❡t ❝♦✉rt❡s ❡t ♥❡
s❡r✈❡♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t q✉✬à ❝♦♥tr❛✐♥❞r❡ ❧❡ ré❣✐♠❡ ♦ù ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ✶❉ ❡st ❝♦rr❡❝t❡
♣♦✉r s✬② ❢♦❝❛❧✐s❡r à ❧✬❛✐❞❡ ❞❡s s✐♠✉❧❛t✐♦♥s ✶❉✳
▲❡s ❛✉t❡✉rs ♠♦❞é❧✐s❡♥t ❧❛ ❝♦❧❧✐s✐♦♥ ❞❡ ❞❡✉① ❢❛✐s❝❡❛✉① ❞❡ ❞❡♥s✐tés ❞✐✛ér❡♥t❡s ✭n1/n2 =
10✮ ❛✈❡❝ ✉♥ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ r❡❧❛t✐❢ γc = 2.3✳ ▲❡ ♣❧❛s♠❛ ❡st ❝❤❛✉❞ ✭Te = 100❦❡❱✮ ❡t
♠❛❣♥ét✐sé ✭σ ∼ me/mi✮ ❛✜♥ ❞❡ s✬❛♣♣r♦❝❤❡r ❛✉ ♠✐❡✉① ❞❡s ❝♦♥❞✐t✐♦♥s ♣❤②s✐q✉❡s ✐♥❤ér❡♥t❡s
❛✉① ❝❤♦❝s ✐♥t❡r♥❡s ❞❡s ❙●✳ ▲❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝ ❡st q✉❛s✐✲♣❛r❛❧❧è❧❡ à ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡✳ ▲❡ ♣❛r❛♠ètr❡ β ❞✉ ♣❧❛s♠❛ ❡st ♣r♦❝❤❡ ❞❡ ✶ ❡t ❧❛ t❡♠♣ér❛t✉r❡ ❡st
r❡❧❛t✐✈✐st❡✳ ▲❡ ♥♦♠❜r❡ ❞❡ ▼❛❝❤ ♥✬❡st ❞♦♥❝ ♣❛s très é❧❡✈é✳
❉❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s✱ ❧❡s s✐♠✉❧❛t✐♦♥s ❡①❤✐❜❡♥t ✉♥❡ str✉❝t✉r❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❞❡
❣r❛♥❞❡ ❛♠♣❧✐t✉❞❡ ❞❡✈❛♥t ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝✱ ♦♥❞❡ ✇❤✐st❧❡r✱ r❡s♣♦♥s❛❜❧❡ ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡s
♣❛rt✐❝✉❧❡s✳ ▲❡s é❧❡❝tr♦♥s s❡ ♠❡tt❡♥t ❡♥ éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ✐♦♥s ❞❛♥s ❧❡ ♣❧❛s♠❛ ❛✈❛❧✱
♠❛✐s ❧❡ ♠é❝❛♥✐s♠❡ ❡st ❞✐✛ér❡♥t ❞❡ ❝❡❧✉✐ q✉✐ s✬♦♣èr❡ ❞❛♥s ❧❡s ❝❤♦❝s ✉❧tr❛✲r❡❧❛t✐✈✐st❡s✳ ❊♥
❡✛❡t✱ ❧❡s ✐♦♥s ♥❡ s♦♥t q✉❡ ♠♦②❡♥♥❡♠❡♥t r❡❧❛t✐✈✐st❡s ❛❧♦rs q✉❡ ❧❡s é❧❡❝tr♦♥s ❛tt❡✐❣♥❡♥t ❞❡s
❢❛❝t❡✉rs ❞❡ ▲♦r❡♥t③ ❞❡ ✶✵✵ ❡t s♦♥t ❞✐str✐❜✉és s✉✐✈❛♥t ✉♥❡ ❧♦✐ ❡♥ ♣✉✐ss❛♥❝❡ N(E) ∝ E−2.7✳
❈❡ tr❛✈❛✐❧✱ ❡①♣❧♦r❛♥t ❧❡s ❝❤♦❝s ♠♦②❡♥♥❡♠❡♥t r❡❧❛t✐✈✐st❡s✱ ♠❡t ❡♥ é✈✐❞❡♥❝❡ q✉❡ ❧❛ ❞②✲
♥❛♠✐q✉❡ ❞❡s ♦♥❞❡s ✇❤✐st❧❡r ♣❡✉t êtr❡ ❞♦♠✐♥❛♥t❡ ❞❛♥s ✉♥ ré❣✐♠❡ ♠❛❣♥ét✐sé s✬ét❡♥❞❛♥t
♣r♦❜❛❜❧❡♠❡♥t ❛✉① ❝❤♦❝s ❛✈❡❝ γsh ≫ 1✳ ❈❡tt❡ q✉❡st✐♦♥ ❛tt❡♥❞ t♦✉❥♦✉rs ✉♥❡ ré♣♦♥s❡ ❞é✜✲
♥✐t✐✈❡✳
P❛ss♦♥s ♠❛✐♥t❡♥❛♥t ❛✉① ét✉❞❡s ♠✉❧t✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡s✳
✺✳✷✳✸ ❊t✉❞❡s ✷❉✲✸❉
❯♥ ♣❛♥ ✐♠♣♦rt❛♥t ❞❡ ❧❛ ♣❤②s✐q✉❡ ❞❡s ♣❧❛s♠❛s s✬♦✉✈r❡ ❧♦rsq✉❡ ❧❛ ♠✉❧t✐✲❞✐♠❡♥s✐♦♥♥❛❧✐té
❞✉ ♣❧❛s♠❛ ❡st ♠✐s❡ ❡♥ ❥❡✉ ❞❛♥s ❞❡s s✐♠✉❧❛t✐♦♥s ❛✉t♦✲❝♦♥s✐st❛♥t❡s✳ ❊♥ ❡✛❡t✱ ❛❜♦r❞❡r ❧❛
❈❍❆P■❚❘❊ ✺✳ ❈❖❉❊❙ P■❈ ❊❚ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ✾✺
❝♦♠♣ét✐t✐♦♥ ❞❡s ♠♦❞❡s ♣❧❛s♠❛ ♣✉r❡♠❡♥t ❧♦♥❣✐t✉❞✐♥❛✉① à ❧❛ ♥♦r♠❛❧❡ ❛✉ ❢r♦♥t ✭kℓ s❡✉❧✮
❡t ❞❡s ♠♦❞❡s tr❛♥s✈❡rs❡s ✭kt s❡✉❧✮ ❡st ❞✬❛✉t❛♥t ♣❧✉s ✐♠♣♦rt❛♥t q✉❛♥❞ ❧❛ s②♠étr✐❡ ✶❉
♥✬❡st ♣❛s ❝♦♥tr❛✐♥t❡ ♥✐ ♣❛r ❧❛ ❣é♦♠étr✐❡ ❞✉ s②stè♠❡ ♥✐ ♣❛r ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ tr♦♣
❢❛✐❜❧❡✳ ▲❡ ré❣✐♠❡ ❧❡ ♣❧✉s ✐♥tér❡ss❛♥t σ ≪ 1 ♥✬❡①❤✐❜❡ ♣r♦❜❛❜❧❡♠❡♥t ♣❛s ❧❛ s②♠étr✐❡ ✶❉ ♣❛r
tr❛♥s❧❛t✐♦♥ ❧❡ ❧♦♥❣ ❞❡s ❧✐❣♥❡s ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡✳ P❛r ❡①❡♠♣❧❡✱ ❧❡s ✐♥st❛❜✐❧✐tés
tr❛♥s✈❡rs❡s✱ t❡❧❧❡s q✉❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧✱ ♥❡ s♦♥t ♣❛s ❛❜♦r❞❛❜❧❡s ♣❛r ✉♥❡ s✐♠✉❧❛t✐♦♥
✶❉ ❞✉ ❝❤♦❝ ♣✉✐sq✉❡ ❧❡ ♥♦♠❜r❡ ❞✬♦♥❞❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❡st tr❛♥s✈❡rs❡ à ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝✳
▲❡s str✉❝t✉r❡s ✜❧❛♠❡♥t❛✐r❡s ❡♥ ❞❡♥s✐té ❡t ❡♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ s❡♠❜❧❡♥t êtr❡ ✉♥ ❛s♣❡❝t
✐♠♣♦rt❛♥t ❞❡ ❧❛ ♣❤②s✐q✉❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s à ❢❛✐❜❧❡ ♠❛❣♥ét✐s❛t✐♦♥✱ ❝♦♠♠❡ ♣r♦♣♦sé
♣❛r ▼❡❞✈❡❞❡✈ ✫ ▲♦❡❜ ❬✸✶❪✳ P❧✉s✐❡✉rs ét✉❞❡s ♥✉♠ér✐q✉❡s à ✷❉ ❡t ✸❉ ré❝❡♥t❡s ✈♦♥t ❞❛♥s
❝❡ s❡♥s ❡t ✉♥❡ r❡✈✉❡ ❞ét❛✐❧❧é❡ ❡st ♣rés❡♥té❡ ❝✐✲❞❡ss♦✉s✳
◆✐s❤✐❦❛✇❛ ❡t ❛❧✳ ✷✵✵✸ ❬✶✾❪ ✿ ❆✉ ♠♦②❡♥ ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ✸❉ ✭❝♦❞❡ ❚r✐❙t❛♥✮✱
❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ❡st ♠✐s ❡♥ ❛✈❛♥t q✉❛♥❞ ✉♥ ❥❡t✱ ❝♦♠♣♦sé❡ ❞✬é❧❡❝✲
tr♦♥s ✲ ✐♦♥s✱ ❡st ✐♥❥❡❝té ❞❛♥s ✉♥ ♣❧❛s♠❛ ❛✉ r❡♣♦s ❛✈❡❝ ✉♥ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ γjet = 5✳
◆♦t♦♥s✱ q✉❡ ❧❛ ❜♦ît❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❡st très ♣❡t✐t❡ ✿ [15 × 8 × 8]δ3e ✱ ❧❡ r❛♣♣♦rt ❞❡ ♠❛ss❡
❡st mi/me = 20 ❡t ❧❡ t❡♠♣s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❡st ❝♦✉rt ✿ Tmax = 23.4ω−1pe = 5.23ω
−1
pi ✳
❙❡✉❧❡♠❡♥t s♦♥t s✐♠✉❧é❡s ❧❛ ♣❤❛s❡ ✐♥✐t✐❛❧❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té✱ ❧❛ ✜❧❛♠❡♥t❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡
❛✐♥s✐ q✉❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s✳ ▲❡s ❛✉t❡✉rs ❞é❝r✐✈❡♥t ❝❡ ♣r♦❝❡ss✉s ❝♦♠♠❡ ❛❝❝é❧é✲
r❛t✐♦♥ ♠❛✐s ♦♥ ♥❡ ♣❡✉t ❡①❝❧✉r❡ q✉❡ ❝✬❡st ✉♥ ♣r♦❝❡ss✉s q✉✐ ♠è♥❡ à ❧❛ t❤❡r♠❛❧✐s❛t✐♦♥✱ ✉♥❡
❢♦✐s q✉❡ ❧❡s ✐♦♥s r❡♥tr❡♥t ❡♥ ♣❤❛s❡ ❞❡ ✜❧❛♠❡♥t❛t✐♦♥ ❛✉ss✐ ❡t ❧✬✐♥st❛❜✐❧✐té s❛t✉r❡✳ ▲❡ ❝❤♦❝✱
♣r♦♣r❡♠❡♥t ❞✐t✱ ❡♥tr❡ ❧❡ ♠✐❧✐❡✉ ❛♠❜✐❛♥t ❡t ❧❡ ❥❡t ♥✬❡st ♣❛s ❢♦r♠é ✭✈♦✐r ❧❡✉r ❋✐❣✉r❡ ✾✭❛✮
♦ù ❧❡ s❛✉t ❞❡ ❞❡♥s✐tés ❡st é❣❛❧ à ✷✱ ❞✐✛ér❡♥t ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❘❛♥❦✐♥❡✲❍✉❣♦♥✐♦t✮✳ P♦✉r
❝❡❧❛ ❞❡s s✐♠✉❧❛t✐♦♥s ❛✈❡❝ Tmax ❛❧❧❛♥t à ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡ ω−1pi s♦♥t r❡q✉✐s❡s✳
❋r❡❞❡r✐❦s❡♥ ❡t ❛❧✳ ✷✵✵✹ ❬✷✵❪ ✿ ❊✛❡❝t✉❡♥t ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ✸❉ ❞❡ ❧❛ ❝♦❧❧✐s✐♦♥ ❞❡
❞❡✉① ♥✉❛❣❡s ♣❧❛s♠❛ é❧❡❝tr♦♥s ✲ ✐♦♥s ❛✈❡❝ ❞❡♥s✐tés ❞✐✛ér❡♥t❡s ninj/n0 = 3 ❡t Γinj = 3✳
■❧ ♥✬② ❛ ♣❛s ❞❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ σ = 0✳ ▲❡ r❛♣♣♦rt ❞❡ ♠❛ss❡s ❡st ré❞✉✐t
mi/me = 16✱ ❧❛ ❜♦✐t❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❡st ❛ss❡③ ✑♣❡t✐t❡✑ ✿ Lx×Ly×Lz = [200×200×800]∆3 =
[10 × 10 × 40]δ3i ✳ ▲❡ t❡♠♣s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❡st Tmax = 480ω−1pe = 120ω−1pi ✳ ▲❡ ♥♦♠❜r❡
❞❡ ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ ❡st Np = 8 · 108✱ ❞♦♥❝ ✷✺ ♣❛rt✐❝✉❧❡s✴∆✳ ▲❡ ❝♦❞❡ ✉t✐❧✐sé
❡st ✉♥ ❝♦❞❡ P■❈ ❛✉① ❞✐✛ér❡♥❝❡s ✜♥✐❡s s❡♠✐✲✐♠♣❧✐❝✐t❡ ❞❛♥s ❧✬✐♥té❣r❛t✐♦♥ ❞❡s éq✉❛t✐♦♥s ❞❡
▼❛①✇❡❧❧✳
▲❡ rés✉❧t❛t ♣r✐♥❝✐♣❛❧ ❞❡ ❧✬❛rt✐❝❧❡ ❡st ❧❛ ✜❧❛♠❡♥t❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ❡t ✐♦♥✐q✉❡✱ ❛✈❡❝ ❧❛
❝r♦✐ss❛♥❝❡ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s ✜❧❛♠❡♥ts ❞❡ δe ✈❡rs ∼ δi ♣❡♥❞❛♥t ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲❡ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ❛✉t♦✲❣é♥éré ❡st ❡ss❡♥t✐❡❧❧❡♠❡♥t s♦❧é♥♦ï❞❛❧ ❞❛♥s ❧❡ ♣❧❛♥ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉①
✜❧❛♠❡♥ts✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ str✉❝t✉r❡ ❡♥ ✜❧❛♠❡♥ts ❞❡s ❝♦✉r❛♥ts é❧❡❝tr♦♥✐q✉❡s→ ✐♦♥✐q✉❡s✳
❆ ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❧❛ ♣♦♣✉❧❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ❡st t❤❡r♠❛❧✐sé❡ ✭❞✐str✐❜✉t✐♦♥ ♠❛①✇❡❧✲
✾✻ ✺✳✷✳ ❊❚❆❚ ❉❊ ▲✬❆❘❚
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Power law index, p = 2.7
Electron temperature = 4.0 109 K
Electron Lorentz boost = 5.1
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❋✐❣✳ ✺✳✸✿ ❙✐♠✉❧❛t✐♦♥ ✸❉ ❞❡ ❧❛ ✜❧❛♠❡♥t❛t✐♦♥ ❧♦rs ❞❡ ❧❛ ❝♦❧❧✐s✐♦♥ r❡❧❛t✐✈✐st❡ ❞✬✉♥ ❢❛✐s✲
❝❡❛✉ ❞✬é❧❡❝tr♦♥s✲✐♦♥s ❞❡♥s❡ s✉r ❧❡ ♣❧❛s♠❛ ❛✉ r❡♣♦s✳ ▲❡s ❝❛♥❛✉① ✐♦♥✐q✉❡s ✭❡♥ ❜❧❡✉ ❝❧❛✐r
s✉r ❧❛ ✜❣✉r❡ ❞❡ ❣❛✉❝❤❡ s♦♥t ❡❝r❛♥tés ♣❛r ❧❡s é❧❡❝tr♦♥s✱ ❧✐❣♥❡ r♦✉❣❡✱ ❡♥ ❛❝❝é❧ér❛t✐♦♥ ❡t
❞é❝é❧ér❛t✐♦♥ ❧♦❝❛❧❡✳ ❆ ❞r♦✐t❡✱ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❡①❤✐❜❡ ✉♥❡ ♣❛rt✐❡
s✉♣r❛t❤❡r♠✐q✉❡ ❞♦♥t ✉♥❡ ❧♦✐ ❡♥ ♣✉✐ss❛♥❝❡ ❡st f(E) ∝ E−2.7✳ ❋✐❣✉r❡s ✐ss✉❡s ❞❡ ❬✷✶❪✳
❧✐❡♥♥❡ s❛♥s ♣❛rt✐❡ ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡✮✱ ♠❛✐s ♣❛s ❧❛ ♣♦♣✉❧❛t✐♦♥ ✐♦♥✐q✉❡✱ ❝♦♠♠❡ ❧✬✐❧❧✉str❡♥t
❧❡s ✜❣✉r❡s ✺ ❡t ✻ ❞❡ ❧✬❛rt✐❝❧❡✳ ❊♥ ❛♥❛❧②s❛♥t ❧❡✉r ❋✐❣✉r❡ ✺✱ ♦♥ ✈♦✐t q✉❡ ❧❛ ♣❤❛s❡ ❞✬✐♥st❛❜✐❧✐té
✐♦♥✐q✉❡ ✈✐❡♥t à ♣❡✐♥❡ ❞❡ s❛t✉r❡r ❡♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❡t ❧❡
❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❝♦♥t✐♥✉❡ à ❝r♦✐tr❡✱ ❝❡ q✉✐ ❡①♣❧✐q✉❡r❛✐t ♣♦✉rq✉♦✐ ❧❡s ✐♦♥s ♥✬♦♥t ♣❛s ❡✉
❧❡ t❡♠♣s ❞❡ s✬✐s♦tr♦♣✐s❡r ✭❋✐❣✉r❡ ✻✮✳ ▲❛ t❛✐❧❧❡ ❞❡s ✜❧❛♠❡♥ts à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❡st
❞❡ ❧✬♦r❞r❡ ❞❡ δi = c/ωpi✳ ■❧ ❡st ❞♦♥❝ ❞✐✣❝✐❧❡ ❞❡ ♣ré✈♦✐r s✬✐❧s ❣❛r❞❡r♦♥t ❝❡tt❡ t❛✐❧❧❡ ♦✉ ❧❛
❝r♦✐ss❛♥❝❡ ❝♦♥t✐♥✉❡r❛✳
❈❡ tr❛✈❛✐❧ ♠❡t ❞♦♥❝ ❡♥ é✈✐❞❡♥❝❡ ❧❡ rô❧❡ ❞♦♠✐♥❛♥t ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ✜❧❛♠❡♥t❛t✐♦♥
❧♦rsq✉❡ ❞❡✉① ♥✉❛❣❡s ♣❧❛s♠❛ r❡♥tr❡♥t ❡♥ ❝♦❧❧✐s✐♦♥ ❛✈❡❝ ✉♥ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ♠♦❞éré
Γinj = 3✳ ❉✉ ♣♦✐♥t ❞❡ ✈✉❡ ❛♥❛❧②t✐q✉❡✱ ❧❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ ❞❡ ❞❡✉① ❢❛✐s❝❡❛✉① ❤♦✲
♠♦❣è♥❡s ❡♥ ❝♦❧❧✐s✐♦♥ ❛✈❡❝ ❝❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❝♦♥❞✉✐t ♥❛t✉r❡❧❧❡♠❡♥t à ❧✬✐♥st❛❜✐❧✐té
tr❛♥s✈❡rs❡ ✭✜❧❛♠❡♥t❛t✐♦♥✮✳ ❈♦♠♠❡ ❧❡ ♠♦♥tr❡♥t ❞❡s ❝❛❧❝✉❧s✱ ❡✳❣✳ ❇r❡t ❡t ❛❧✳ ❬✸✷❪✱ ❧✬✐♥st❛❜✐✲
❧✐té tr❛♥s✈❡rs❡ ❞❡✈✐❡♥t ❞♦♠✐♥❛♥t❡ ♣♦✉r γrelatif >
√
3/2 s✉r ❧✬✐♥st❛❜✐❧✐té à ❞❡✉① ❢❛✐s❝❡❛✉①
❧♦♥❣✐t✉❞✐♥❛❧❡✳
❚♦✉t❡❢♦✐s✱ ❝❡ tr❛✈❛✐❧ ♥✬❛❜♦r❞❡ ♣❛s ✈r❛✐♠❡♥t ❧❛ ♣❤②s✐q✉❡ ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ♣✉✐sq✉❡
❧❡s ✐♦♥s ♥❡ s♦♥t ♣❛s t❤❡r♠❛❧✐sés ❡t ❧❡ ❝❤♦❝ ♥✬❡st ♣❛s ❢♦r♠é à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳
❍❡❞❡❞❛❧ ❡t ❛❧✳ ✷✵✵✹ ❬✷✶❪ ✿ ▼ê♠❡ ❝♦❞❡ q✉❡ ❞❛♥s ❧❡ tr❛✈❛✐❧ ♣ré❝é❞❡♥t✳ ❙✐♠✉❧❛t✐♦♥
✸❉ ♣❧✉s ❣r❛♥❞❡ ❡t ✸ ❢♦✐s ♣❧✉s ❧♦♥❣✉❡ ✭Tmax = 360ωpi✮✱ ♠❛✐s Γinj = 15✱ ✺ ❢♦✐s ♣❧✉s
❣r❛♥❞✳ ▲❛ ♠❛❣♥ét✐s❛t✐♦♥ ❡st t♦✉❥♦✉rs ♥✉❧❧❡ ❡t ❧❡ r❛♣♣♦rt ❞❡ ♠❛ss❡s ❡st mi/me = 16✳ ▲❡
♣♦✐♥t ❡ss❡♥t✐❡❧ ✐❝✐ ❡st ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❝❛♥❛✉① ✐♦♥✐q✉❡s ✭✜❧❛♠❡♥ts✮✱ ❛✉t♦✉r ❞❡sq✉❡❧s ❧❡s
é❧❡❝tr♦♥s s♦♥t ❛❝❝é❧érés ❡t ❞é❝é❧érés ❧♦❝❛❧❡♠❡♥t✱ ❡♥ tr❛✈❡rs❛♥t ❧❡ ✜❧❛♠❡♥t✱ ✭✐✳❡✳ ✜❣✉r❡ ✶ ❞❡
❧✬❛rt✐❝❧❡✱ r❡♣r♦❞✉✐t❡ ❞❛♥s ❧❛ ❋✐❣✳✺✳✸ ✐❝✐✮ ❡t ❢♦r♠❛♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡
❈❍❆P■❚❘❊ ✺✳ ❈❖❉❊❙ P■❈ ❊❚ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ✾✼
f(E) ∝ E−2.7✳ ❈❡ ♠é❝❛♥✐s♠❡ ❡st ❞✐✛ér❡♥t ❞❡ t♦✉s ❧❡s ♠é❝❛♥✐s♠❡s✱ ♣r♦♣♦sés ❥✉sq✉✬✐❝✐✱ ❡♥
r❛✐s♦♥ ❞❡ s❛ ❧♦❝❛❧✐s❛t✐♦♥✳
❏❡ r❡♥♦✉✈❡❧❧❡ ✐❝✐ ❧❛ ♠ê♠❡ ❝r✐t✐q✉❡ q✉❡ ♣♦✉r ❧❡ tr❛✈❛✐❧ ♣ré❝é❞❡♥t✱ ❝❛r ❧❡ ❝❤♦❝ ♣r♦♣r❡♠❡♥t
❞✐t ♥✬❡st ♣❛s ❢♦r♠é à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳
❙♣✐t❦♦✈s❦② ✷✵✵✺ ❬✾❪ ✿ ❆❜♦r❞❡ ❧✬ét✉❞❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s
e− − e+ à ❞✐✛ér❡♥t❡s ♠❛❣♥ét✐s❛t✐♦♥s σ ∈ [0, 0.1] ❛✈❡❝ γinj = 15✱ ✉t✐❧✐s❛♥t ❞❡s s✐♠✉❧❛t✐♦♥s
P■❈ ✸❉✳ ▲❡ ❝♦❞❡ ♥✉♠ér✐q✉❡ ❡st ❧❛ ✈❡rs✐♦♥ ♦♣t✐♠✐sé❡ ❞✉ ❝♦❞❡ ♣✉❜❧✐❝ ❚r✐❙t❛♥ ❬✷❪✳ ❉❡
❝❡tt❡ ♠❛♥✐èr❡✱ ✉♥❡ s❡✉❧❡ é❝❤❡❧❧❡ t❡♠♣♦r❡❧❧❡ ❡st r❡❧❡✈❛♥t❡ ✿ ❧✬✐♥✈❡rs❡ ❞❡ ❧❛ ♣✉❧s❛t✐♦♥ ♣❧❛s♠❛
é❧❡❝tr♦♥✐q✉❡ ✭♦✉ ❝❡❧❧❡ ❞❡s ♣♦s✐tr♦♥s✱ ❧❡s ❞❡✉① ét❛♥t é❣❛❧❡s✮ ω−1p ✳
▲❡ ❝❤♦❝ ❡st ❡♥❝❧❡♥❝❤é ♣❛r ré✢❡①✐♦♥ ❞✉ ♣❧❛s♠❛ s✉r ♠✉r✱ ❧❡ ré❢ér❡♥t✐❡❧ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥
❡st ❞♦♥❝ ❝♦✲♠♦❜✐❧❡ ❛✈❛❧ ✭❉❘❋✮✳ ◆✬❛②❛♥t ♣❛s ❧❡ ♣r♦❜❧è♠❡ ❞❡ sé♣❛r❛t✐♦♥ ❞✬é❝❤❡❧❧❡s ✭é❧❡❝✲
tr♦♥✐q✉❡ → ✐♦♥✐q✉❡✮ ❧✬❛✉t❡✉r ❛ ♣✉ ét✉❞✐❡r ❧❛ ❢♦r♠❛t✐♦♥ ❡t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ ❝❤♦❝ ❛✈❡❝
à ♣❡✉ ♣rès ❧❡ ♠ê♠❡ s❡t✲✉♣ ♥✉♠ér✐q✉❡ q✉❡ ❧❡s tr❛✈❛✉① ♣ré❝é❞❡♥ts ❬✷✵✱ ✷✶❪ ✿ t❛✐❧❧❡ ❞❡ ❧❛
❜♦✐t❡ [2000 × 400 × 400]∆3 = [200]δ3e ✱ ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s Np = 109 ❡t t❡♠♣s ❞❡s
s✐♠✉❧❛t✐♦♥s ♥♦♥✲✐♥❞✐q✉é ✭❛❧❧❛♥t ♣r♦❜❛❜❧❡♠❡♥t à ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡ ω−1p ✮✳
❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ♠❛❣♥ét✐s❛t✐♦♥ ♥✉❧❧❡ ❧✬✐♥st❛❜✐❧✐té ✐♥✐t✐❛❧❡ ❧♦rs ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡
✢♦t ✐♥❝✐❞❡♥t ❡t ré✢é❝❤✐ s✉r ❧❡ ♠✉r ❝♦♥❞✉✐t à ❧❛ ✜❧❛♠❡♥t❛t✐♦♥ ❛✈❡❝ ✉♥ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡
∼ 10ω−1p ❡t ❧❛ t❛✐❧❧❡ ❞❡ ✜❧❛♠❡♥ts ∼ c/ωp✳ ▲❛ sé❣ré❣❛t✐♦♥ ❡♥ ✜❧❛♠❡♥ts ❝♦♥t✐♥✉❡ ❥✉sq✉✬à ❝❡
q✉❡ ❧✬✐♥t❡♥s✐té ❞✉ ❝♦✉r❛♥t ❛tt❡✐❣♥❡ ❧❡ ❝♦✉r❛♥t ❞✬❆❧❢✈é♥✳ ❆ ❝❡ ♣♦✐♥t ❧❡s ❝♦✉r❛♥ts ❞❡✈✐❡♥♥❡♥t
✐♥st❛❜❧❡s ❡t ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝ s❡ ❢♦r♠❡✳ P❡♥❞❛♥t ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝✱ ❧❡ r❛♣♣♦rt ❞❡
❝♦♠♣r❡ss✐♦♥ ❛✈❛❧✴❛♠♦♥t é✈♦❧✉❡ ❣r❛❞✉❡❧❧❡♠❡♥t ❞❡ ✷ ✭s✉♣❡r♣♦s✐t✐♦♥ ❞❡ ❞❡✉① ✢♦ts✮ ✈❡rs
n2/n1 ≃ Γ/(Γ− 1) = 4✱ ♦ù Γ ❡st ❧✬✐♥❞✐❝❡ ❛❞✐❛❜❛t✐q✉❡ ❞✉ ❣❛③ ✭✹✴✸ ♣♦✉r ❧❡ ❣❛③ r❡❧❛t✐✈✐st❡
❡♥ ✸❉✮✳ ▲❡ ❢r♦♥t s✬é❧♦✐❣♥❡ ❞✉ ♠✉r ❛✈❡❝ ❧❛ ✈✐t❡ss❡ c(Γ − 1) = c/3✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s
❝♦♥❞✐t✐♦♥s ❞❡ ❘❛♥❦✐♥❡✲❍✉❣♦♥✐♦t r❡❧❛t✐✈✐st❡s✳ ▲✬é♣❛✐ss❡✉r ❞❡ ❧❛ ré❣✐♦♥ ❞❡ tr❛♥s✐t✐♦♥ ✭❢r♦♥t✮
❡st ∼ 70c/ωp✳ ▲❛ ❞❡♥s✐té ❡t ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❢♦r♠❡♥t ❞❡s str✉❝t✉r❡s ✜❧❛♠❡♥t❛✐r❡s
❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝ ❡t ❧✬é♥❡r❣✐❡ ♠❛❣♥ét✐q✉❡ ♣✐q✉❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❢r♦♥t ❞✉ ❝❤♦❝
❛✈❡❝ ξB ≃ 0.16✳ ❉❛♥s ❧❡ ♠✐❧✐❡✉ ❝❤♦q✉é ❧❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ♠❛❣♥ét✐q✉❡ ❞é❝r♦✐t q✉❛♥❞ ♦♥
s✬é❧♦✐❣♥❡ ❞✉ ❢r♦♥t ❡♥ ❞❡ss♦✉s ❞✉ ♥✐✈❡❛✉ ❞❡ ❜r✉✐t ♥✉♠ér✐q✉❡✳ ❈❡❧✉✐✲❝✐ ét❛♥t é❧❡✈é ♦♥ ♥❡
♣❡✉t ♣ré❞✐r❡ s✐ ❧✬✐♥t❡♥s✐té ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ t♦♠❜❡ à ③ér♦ ❧♦✐♥ ❞✉ ❝❤♦❝ ♦✉ ❜✐❡♥ ✉♥
♥✐✈❡❛✉ ❢❛✐❜❧❡ ♣❡rs✐st❡✳
❉❛♥s ❧❡ ❝❛s ❞❡ ♠❛❣♥ét✐s❛t✐♦♥ ❣r❛♥❞❡ σ = 0.1 ❧✬✐♥st❛❜✐❧✐té ❞❡ ✜❧❛♠❡♥t❛t✐♦♥ ❞✐s♣❛r❛✐t ❡t
❧❡ ❝❤♦❝ s❡ ❢♦r♠❡ ♣❛r ré✢❡①✐♦♥ ♠❛❣♥ét✐q✉❡ ✭✐✳❡✳ ❋✐❣✉r❡ ✺✳✹ ❞❡ ❞r♦✐t❡ ✐❧❧✉str❡ ❧❛ str✉❝t✉r❡ ❡♥
❞❡♥s✐té ❞✉ ❝❤♦❝✮✳ ▲♦rs ❞❡ ❧❛ ré✢❡①✐♦♥ ❧❡s ♣❛rt✐❝✉❧❡s s♦♥t s♦✉♠✐s❡s à ❧❛ ❞ér✐✈❡ ❡♥ E0×B0
q✉✐ ❝ré❡ ✉♥ ❝♦✉r❛♥t ❢♦rt✱ ❜ât✐ss❛♥t ❛✐♥s✐ ❧❛ ❜❛rr✐èr❡ ♠❛❣♥ét✐q✉❡ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✳ ▲❡s
❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t s♦♥t ❞✐✛ér❡♥t❡s ❝❛r ❧✬✐♥❞✐❝❡ ❛❞✐❛❜❛t✐q✉❡ ❞✉ ❣❛③ ❡st ❞✐✛ér❡♥t ✭Γ = 3/2✮✱
ét❛♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t ✷❉ s♦✉s ❧✬❡✛❡t ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡✳ ❯♥ ♣ré❝✉rs❡✉r s♦✉s
❢♦r♠❡ ❞✬♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❞❡ ❣r❛♥❞❡ ❛♠♣❧✐t✉❞❡ ❡st é♠✐s ♣❛r ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝✱ ❡♥
✾✽ ✺✳✷✳ ❊❚❆❚ ❉❊ ▲✬❆❘❚
❋✐❣✳ ✺✳✹✿ ❙tr✉❝t✉r❡ ❡♥ ❞❡♥s✐té tr✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞❡ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ❞é✈❡❧♦♣♣é ❞❛♥s ✉♥
♣❧❛s♠❛ ❞❡ ♣❛✐r❡s à ♠❛❣♥ét✐s❛t✐♦♥ ♥✉❧❧❡ ✭❣❛✉❝❤❡✮ ❡t à σ = 0.1 ✭❞r♦✐t❡✮✳ ▲❡ ❝❤❛♠♣ ♠❛❣♥é✲
t✐q✉❡ ❡①t❡r♥❡ ❡st ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛ ♥♦r♠❛❧❡ ❛✉ ❢r♦♥t✳ ▲❡ ❝♦❞❡ ❞❡ ❝♦✉❧❡✉r ✈❛ ❞❡ ❞❡♥s✐tés
❜❛ss❡s✱ ❡♥ ✈❡rt✱ ❛✉① ❞❡♥s✐tés ❢♦rt❡s✱ ❡♥ ❥❛✉♥❡✳ ❚✐ré ❞❡ ❬✾❪✳
❛❝❝♦r❞ ❛✈❡❝ ❧❡s s✐♠✉❧❛t✐♦♥s ✶❉ ❬✶✹✱ ✶✺❪✳ ▲✬❛✉t❡✉r s✉❣❣èr❡ q✉❡ ❧❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉①
❝❛s ✭❝❤♦❝s ♥♦♥✲♠❛❣♥ét✐sés ❡t ♠❛❣♥ét✐sés✮ s❡ ♣r♦❞✉✐t ❛✉t♦✉r ❞❡ σ ∼ 10−2✱ ❡♥ ❛r❣✉♠❡♥t❛♥t
q✉❡ ❧❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ❞❡✈✐❡♥t ♣❧✉s ❣r❛♥❞ q✉❡ ❧❛ ❢réq✉❡♥❝❡
❝②❝❧♦tr♦♥ ❞❛♥s ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ ♣♦✉r σ ♣❧✉s ♣❡t✐t✳ ❯♥ ❛♥❛❧②s❡ ♣❧✉s ♣♦✉ssé❡
à été ❢❛✐t❡ ♣❛r ❧❛ s✉✐t❡ ❞❛♥s ❬✸✸❪ ❞♦♥♥❛♥t ✉♥❡ ✈❛❧❡✉r σcritique ∼ 10−4✱ t❡♥❛♥t ❝♦♠♣t❡ ❞❡
❧✬ét❡♥❞✉❡ ✜♥✐❡ ❞✉ ♣ré❝✉rs❡✉r✳ ▲❡ ❢❛✐t q✉❡ ❧❛ tr❛♥s✐t✐♦♥ s❡ ❢❛✐t à ✉♥ σ ♣❛s très ❢❛✐❜❧❡ s✉❣❣èr❡
q✉❡ ❧❡s ❝♦❞❡s P■❈ ✶❉ ♥❡ r❡♣rés❡♥t❡♥t ♣❛s ❧❡ ❝❛❞r❡ ♣❤②s✐q✉❡ ❝♦rr❡❝t à σ < σcritique✱ ♥✬ét❛♥t
♣❛s ❝❛♣❛❜❧❡s ❞❡ s✉✐✈r❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ❞❡ ♠❛♥✐èr❡ ❛✉t♦✲❝♦♥s✐st❛♥t❡✳
❋✐♥❛❧❡♠❡♥t✱ ❞❛♥s t♦✉s ❧❡s ❝❛s✱ ❧✬❛✉t❡✉r ♥❡ tr♦✉✈❡ ❛✉❝✉♥❡ é✈✐❞❡♥❝❡ ❞✬✉♥❡ ♣❛rt✐❡ s✉♣r❛✲
t❤❡r♠✐q✉❡ ❞❛♥s ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥✱ s✉❣❣ér❛♥t q✉❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❡st s♦✐t tr♦♣
❧❡♥t❡✱ s♦✐t ✐♥❡①✐st❛♥t❡ ❞❛♥s ❝❡s s✐♠✉❧❛t✐♦♥s✳ ❉❡s s✐♠✉❧❛t✐♦♥s ♣❧✉s ❧♦♥❣✉❡s s♦♥t ♥é❝❡ss❛✐r❡s
♣♦✉r tr❛♥❝❤❡r ❧❛ q✉❡st✐♦♥✳
❑❛t♦ ✷✵✵✼ ❬✷✷❪ ✿ ▼♦❞é❧✐s❡ ❧❡ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s ♥♦♥✲♠❛❣♥ét✐sé
❡♥ ✷❉✳ ▲❛ t❛✐❧❧❡ ❞❡ ❧❛ ❜♦✐t❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❡st Nx ×Ny = [4096× 512]∆2 = [480× 60]δ2e ✱
Np = 6.4·108♣❛rt✳ ❡t ❧❡ t❡♠♣s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❡st Tmax = 233ω−1p ✳ ▲❛ ♥❛t✉r❡ ❞✉ ♣♦✉ss❡✉r
❞❡s ❝❤❛♠♣s ♥✬❡st ♣❛s ♣ré❝✐sé❡ ♣❛r ❧✬❛✉t❡✉r ✭❞✐✛ér❡♥❝❡s ✜♥✐❡s ♦✉ s♣❡❝tr❛❧ ❄✮✳
▲❡ ❝❤♦❝ ❡st ❡♥❝❧❡♥❝❤é ❛✉ss✐ ♣❛r ré✢❡①✐♦♥ ❞✉ ♣❧❛s♠❛ s✉r ♠✉r ♠❛✐s ❛✈❡❝ ✉♥ ❢❛❝t❡✉r ❞❡
▲♦r❡♥t③ ♣❧✉s ♣❡t✐t γinj = 2.24✳ ❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s s✐♠✉❧❛t✐♦♥s ❞✉ tr❛✈❛✐❧ ♣ré❝é❞❡♥t ❬✾❪
σ = 0✱ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ✲ ✜❧❛♠❡♥t❛t✐♦♥ s❡♠❜❧❡ êtr❡ à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉
❈❍❆P■❚❘❊ ✺✳ ❈❖❉❊❙ P■❈ ❊❚ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ✾✾
❋✐❣✳ ✺✳✺✿ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡ ❞❛♥s ❧❡ t❡♠♣s ❡t ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥
❞❛♥s ✉♥ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ✭γinj = 15✮ ❝♦♠♣♦sé ❞❡ e− − e+ ❡t à ♠❛❣♥ét✐s❛t✐♦♥ ♥✉❧❧❡✳ ▲❛
✜❣✉r❡ ❞❡ ❣❛✉❝❤❡ ✐❧❧✉str❡ ❧❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡ ❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝ ❡♥
❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ✭❞❡ ❤❛✉t ❡♥ ❜❛s ❧❡ t❡♠♣s ❡st ❝r♦✐ss❛♥t✮✳ ▲❛ ✜❣✉r❡ ❞❡ ❞r♦✐t❡ ♣rés❡♥t❡ ❧❛
❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝ ✭❤❛✉t✮ ❡t tr❛❥❡❝t♦✐r❡ ❞❡ ✹ ♣❛rt✐❝✉❧❡s
r❡♣rés❡♥t❛t✐✈❡s ❛✉t♦✉r ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ ❛✈❡❝ ❧❡✉r é✈♦❧✉t✐♦♥ ❡♥ é♥❡r❣✐❡✳ ❚✐ré ❞❡ ❬✶✵❪ ✭❣r❛♣❤❡
❞❡ ❣❛✉❝❤❡✮ ❡t ❞❡ ❬✷✹❪ ✭❣r❛♣❤❡ ❞❡ ❞r♦✐t❡✮✳
❝❤♦❝ ❛✈❡❝ ❧✬é♣❛✐ss❡✉r ❞❡ ❧❛ ré❣✐♦♥ ❞❡ tr❛♥s✐t✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡ 50c/ωp✳ ▲❡ ♥✐✈❡❛✉ ❞✉ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ❛✉ ❢r♦♥t ❡st ❝♦♠♣❛r❛❜❧❡ ❛✉ss✐✱ ❛✈❡❝ ξB = 0.14 ✐❝✐ ❡t ✵✳✶✻ ❞❛♥s ❬✾❪ ❀ ❡t ❞é❝r♦✐t
♣❧✉s ❧♦✐♥ ❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝✳
▲❛ ❝♦♥❝❧✉s✐♦♥ ❞✉ tr❛✈❛✐❧ ❡♥ t❡r♠❡s ❞✬❛❝❝é❧ér❛t✐♦♥ ❡st ❧❛ ♠ê♠❡ ✿ ♣❛s ❞✬❛❝❝é❧ér❛t✐♦♥✱
❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❛✈❛❧ ❡st ✉♥❡ ♠❛①✇❡❧❧✐❡♥♥❡ r❡❧❛t✐✈✐st❡✱ ❞♦♥t ❧❛
t❡♠♣ér❛t✉r❡ ❛❥✉st❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t T ≃ γshmec2✳
❈❤❛♥❣ ❡t ❛❧✳ ✷✵✵✽ ❬✶✵❪ ✿ ❚♦✉❥♦✉rs ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡s ❝❤♦❝s ❞❛♥s ❧❡ ♣❧❛s♠❛ ❞❡
♣❛✐r❡s à σ = 0✱ ❝❡ tr❛✈❛✐❧ s❡ ❢♦❝❛❧✐s❡ s✉r ❧❛ q✉❡st✐♦♥ ❞❡ s✉r✈✐❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❛✉t♦✲
❣é♥éré ❧♦✐♥ ❞❡rr✐èr❡ ❧❡ ❝❤♦❝✱ ❡♥ ♣r♦❝é❞❛♥t ❛✉① s✐♠✉❧❛t✐♦♥s ❧♦♥❣✉❡s ✭Tmax = 5300ω−1p ✮✳ ▲❡
❝♦❞❡ ✉t✐❧✐sé ❡st ❧❡ ♠ê♠❡ q✉❡ ❞❛♥s ❬✾❪ ❛✈❡❝ γinj = 15✱ Nx × Ny = [5000 × 205]δ2e ❡t ✻✹
♣❛rt✐❝✉❧❡s✴∆ ♣♦✉r ❞✐♠✐♥✉❡r ❧✬❛♠♣❧✐t✉❞❡ ❞✉ ❜r✉✐t ♥✉♠ér✐q✉❡✳
❈♦♠♠❡ ✐♥❞✐q✉é ♣❛r ❧❡s tr❛✈❛✉① ❛♥tér✐❡✉rs✱ ❧❡ ❝❤♦❝ s❡ ❢♦r♠❡ s✉✐t❡ à ❧❛ ✜❧❛♠❡♥t❛t✐♦♥
✐♥✐t✐❛❧❡ ❡t ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣✐q✉❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❢r♦♥t ❛✈❡❝ ξB ≃ 0.15✳ ❉❛♥s ❧❡ ♣ré✲
❝✉rs❡✉r ❧❛ str✉❝t✉r❡ ❞✉ ♣❧❛s♠❛ ❢♦r♠❡ ❞❡s ✜❧❛♠❡♥ts ♠❛❣♥ét✐q✉❡s ❞♦♥t ❧❛ ❞✐sr✉♣t✐♦♥ ❛✉
✶✵✵ ✺✳✷✳ ❊❚❆❚ ❉❊ ▲✬❆❘❚
♥✐✈❡❛✉ ❞✉ ❢r♦♥t ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s î❧♦ts ♠❛❣♥ét✐q✉❡s ❡♥ ❛✈❛❧ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝
✭✈♦✐r ❧❛ ❋✐❣✉r❡ ✺✳✺ ❞❡ ❣❛✉❝❤❡✱ ♠♦♥tr❛♥t ❧✬é✈♦❧✉t✐♦♥ ❞❡s str✉❝t✉r❡s ♠❛❣♥ét✐q✉❡s ❡♥ ❛✈❛❧
❞✉ ❢r♦♥t✮✳ ▲❛ t❛✐❧❧❡ ❞❡ ❝❡s î❧♦ts ❣r❛♥❞✐t ❡t ❧✬✐♥t❡♥s✐té ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞é❝r♦✐t q✉❛♥❞
♦♥ s✬é❧♦✐❣♥❡ ❞✉ ❝❤♦❝✳
❯♥ ♠♦❞è❧❡✱ ❜❛sé s✉r ❧❛ ré♣♦♥s❡ ❧✐♥é❛✐r❡ ❞✉ ♣❧❛s♠❛✱ ❡st ♣r♦♣♦sé ♣❛r ❧❡s ❛✉t❡✉rs ♣♦✉r
❞é❝r✐r❡ ❧❛ ❞é❝r♦✐ss❛♥❝❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ s♦✉s ❧✬❡✛❡t ❞✬❛♠♦rt✐ss❡♠❡♥t ❞❡s ❝♦✉rt❡s ❧♦♥✲
❣✉❡✉rs ❞✬♦♥❞❡ ❞❛♥s ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ▲❡✉r ♠♦❞è❧❡ ♣ré❞✐t ❧❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡ ❧✬é♥❡r❣✐❡
♠❛❣♥ét✐q✉❡ ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ξB ∝ δB2/8π ∝ (xchoc − x)−q✱ ❛✈❡❝ q = 2/3✳ ▲❡✉rs
s✐♠✉❧❛t✐♦♥s s✉❣❣èr❡♥t ♣♦✉rt❛♥t q✉❡ q = 1 ♣rès ❞✉ ❢r♦♥t ❡t s✬❛♣♣r♦❝❤❡ ❞❡ 2/3 ♣❧✉s ❧♦✐♥✳
❙♣✐t❦♦✈s❦② ✷✵✵✽❛ ❬✷✸❪ ✿ Pr❡♠✐èr❡s s✐♠✉❧❛t✐♦♥s ✷❉ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s é❧❡❝tr♦♥s✲
✐♦♥s ♣❧❡✐♥❡♠❡♥t ❢♦r♠és ❡t à ❧♦♥❣ t❡r♠❡ ✭✐♦♥s t❤❡r♠❛❧✐sés✮ ♣♦✉r ❞❡s ❝❤♦❝s ❛✈❡❝ γinj = 15✱
r❛♣♣♦rts ❞❡ ♠❛ss❡ mi/me = 16, 30, 100, 500, 1000✳ ▲❛ ♠❛❣♥ét✐s❛t✐♦♥ ❞✉ ♣❧❛s♠❛ ❛♠♦♥t
❡st ♥✉❧❧❡ σ = 0✳ ▲❛ t❛✐❧❧❡ ❞❡s ❜♦✐t❡s ❞❡ s✐♠✉❧❛t✐♦♥ ✈❛ ❥✉sq✉❡ 400 × 103δ2i ❛✈❡❝ ✷ ♣❛rt✐✲
❝✉❧❡s✴❣r✐❧❧❡✳ ▲❡ ❝❤♦❝ ❡st ❡♥❝❧❡♥❝❤é ♣❛r ré✢❡①✐♦♥ ❞✉ ♣❧❛s♠❛ ❡♥ ❞ér✐✈❡ s✉r ♠✉r✳
▲❡ s❝é♥❛r✐♦ s✉✐✈❛♥t ❡st ❞é❝r✐t ♣❛r ❧✬❛✉t❡✉r ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝✳
■♥❞é♣❡♥❞❛♠♠❡♥t ❞✉ r❛♣♣♦rt ❞❡ ♠❛ss❡✱ ❧❡ ❝❤♦❝ s❡ ❢♦r♠❡ s✉✐t❡ à ❧❛ ✜❧❛♠❡♥t❛t✐♦♥ ✐♥✐t✐❛❧❡
✭✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧✮ ❡t ❞✐sr✉♣t✐♦♥ ❞❡s ✜❧❛♠❡♥ts ✐♦♥✐q✉❡s ❛✉ ❢r♦♥t ❞❡ ❝❤♦❝✳ ❆✉ ❞é❜✉t
❞❡ ❧❛ ✜❧❛♠❡♥t❛t✐♦♥✱ ❧❡s é❧❡❝tr♦♥s s♦♥t ❢r♦✐❞s ❡t ❢♦✉r♥✐ss❡♥t ✉♥ ❡❝r❛♥t❛❣❡ ❡✣❝❛❝❡ ❛✉①
✜❧❛♠❡♥ts ❞❡ ❝♦✉r❛♥t ✐♦♥✐q✉❡✳ ❆✈❡❝ ❧❡ t❡♠♣s✱ ❧❡ ❝♦✉r❛♥t ♣♦rté ♣❛r ❧❡s ✜❧❛♠❡♥ts ❛✉❣♠❡♥t❡
❡t ❧❡s é❧❡❝tr♦♥s s♦♥t ❛❝❝é❧érés ✲ ❞é❝é❧érés ✭♣❧✉tôt ❝❤❛✉✛és✮ ♣❛r ✉♥ ♠é❝❛♥✐s♠❡ s❡♠❜❧❛❜❧❡
à ❝❡❧✉✐ ❞❡ ❬✷✶❪✳ ❈❡ ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥ ✲ ❞é❝é❧ér❛t✐♦♥ ❡st ♥♦r♠❛❧❡♠❡♥t ré✈❡rs✐❜❧❡✳
❊♥ s✬❛♣♣r♦❝❤❛♥t ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✱ ❧❡s é❧❡❝tr♦♥s ❞❡✈✐❡♥♥❡♥t très é♥❡r❣ét✐q✉❡s✱ ❧✬❡❝r❛♥t❛❣❡
♥✬❡st ♣❧✉s très ❡✣❝❛❝❡ ❡t ❧❡s ✜❧❛♠❡♥ts ✐♦♥✐q✉❡s ❢✉s✐♦♥♥❡♥t ❡♥ ❧❛✐ss❛♥t s✬é❝❤❛♣♣❡r ✉♥❡
♣♦♣✉❧❛t✐♦♥ é♥❡r❣ét✐q✉❡ ❞✬é❧❡❝tr♦♥s✱ ❝❤❛✉✛és ❛✐♥s✐ à ❧❛ s✉❜ ✲ éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ✐♦♥s✳
❆ ❝❡ ♥✐✈❡❛✉ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡st ❡♥ éq✉✐♣❛rt✐t✐♦♥ ❧♦❝❛❧❡✱ ❛✉ ♥✐✈❡❛✉ ❞✉ ❢r♦♥t✱ ❡t
✐s♦tr♦♣✐s❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ✐♦♥s ❛✉ss✐✳ ▲✬é♣❛✐ss❡✉r ❞✉ ❝❤♦❝✱ ❛✐♥s✐ ❢♦r♠é✱ ❡st
❞❡ 10 c/ωpi✳
▲❡ rés✉❧t❛t ✐♥tér❡ss❛♥t ❞❡ ❝❡s s✐♠✉❧❛t✐♦♥s ❡st q✉❡ ♣❧✉s✐❡✉rs ❛s♣❡❝ts ❞❡s ❝❤♦❝s r❡❧❛✲
t✐✈✐st❡s ❞❛♥s ✉♥ ♣❧❛s♠❛ e− − e+ s❡ r❡tr♦✉✈❡♥t ✐♠♣✉t❛❜❧❡s ❛✉① ❝❤♦❝s é❧❡❝tr♦♥s ✲ ✐♦♥s✳
◆♦t❛♠♠❡♥t✱ ❧❡ ♣❧❛s♠❛ ❛✈❛❧ ❡①❤✐❜❡ ✉♥❡ t❡♠♣ér❛t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❝♦♠♣❛r❛❜❧❡ à ❧❛ t❡♠✲
♣ér❛t✉r❡ ✐♦♥✐q✉❡ Te ≃ Ti = γshmpc2✳ ❆✐♥s✐✱ t♦✉t ❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s e− − e+✱ ✉♥❡ s❡✉❧❡
❢réq✉❡♥❝❡ ♣❧❛s♠❛ ωp⋆ = ωpi ≃ ωpe ❞é✜♥✐t ❧✬é❝❤❡❧❧❡ ❞✉ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❞❛♥s ❧❡ ♠✐✲
❧✐❡✉ ❛✈❛❧✳ ❯♥❡ t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét♦✲st❛t✐q✉❡ ❡t ❞é❝r♦✐ss❛♥t❡ ❡st ❞♦♥❝ ♦❜s❡r✈é❡ ❞❛♥s ❝❡tt❡
ré❣✐♦♥✳ ▲❛ t❛✐❧❧❡ ❝❛r❛❝tér✐st✐q✉❡ ❞❡s ✐❧♦ts ♠❛❣♥ét✐q✉❡s ❥✉st❡ ❛♣rès ❧❡ ❢r♦♥t ❡st ❞❡ ❧✬♦r❞r❡
❞❡ q✉❡❧q✉❡s c/ωp⋆ ❡t ❛✉❣♠❡♥t❡ ♣❧✉s ❧♦✐♥✳
❆ ♣❛rt ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ♥✉❛❣❡ ❞❡s ♣❛rt✐❝✉❧❡s é♥❡r❣ét✐q✉❡s ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝✱
❛✉❝✉♥❡ ♣❛rt✐❡ s✉♣r❛✲t❤❡r♠✐q✉❡ ❞❛♥s ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ♥✬❡st ♦❜s❡r✈é❡ à ❝❡ ♣♦✐♥t✳
❈❍❆P■❚❘❊ ✺✳ ❈❖❉❊❙ P■❈ ❊❚ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ✶✵✶
▲❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝ s♦♥t ❞❡s ▼❛①✇❡❧✐❡♥♥❡s✳
▲❛ ❞❡s❝r✐♣t✐♦♥ ❞✉ ♠é❝❛♥✐s♠❡ ❞❡ ❝❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s ❡t ❞❡ ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞❡
❢r♦♥t ❞❡ ❝❤♦❝ r❡st❡ t♦✉t❡❢♦✐s ❡♠♣✐r✐q✉❡ ❡t ✉♥ ♠♦❞è❧❡ ❞ét❛✐❧❧é ❡t q✉❛♥t✐t❛t✐❢ ❡st ♥é❝❡ss❛✐r❡✳
❙♣✐t❦♦✈s❦② ✷✵✵✽❜ ❬✷✹❪ ✿ ❈❡ tr❛✈❛✐❧ ♣rés❡♥t❡ ✉♥❡ ❞é♠♦♥str❛t✐♦♥ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉
♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐ ❞❡ ♠❛♥✐èr❡ ❛✉t♦✲❝♦♥s✐st❛♥t❡ ❞❛♥s ✉♥ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ♥♦♥✲♠❛❣♥ét✐sé✱
♣♦✉r ✉♥ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s e− − e+✳ ▲✬❛✉t❡✉r ✉t✐❧✐s❡ ❧❡ ♠ê♠❡ ❝♦❞❡ P■❈ q✉❡ ❞❛♥s ❬✾✱ ✷✸❪
❛✈❡❝ ✉♥❡ ❜♦✐t❡ ❛❧❧❛♥t ❥✉sq✉❡ Nx × Ny ≤ [105 × 4000]∆2 = [104 × 400]δ2e ✱ ❧❛ t❛✐❧❧❡ ❡♥
❞✐r❡❝t✐♦♥ x ét❛♥t ❝r♦✐ss❛♥t❡ ❞❛♥s ❧❡ t❡♠♣s✳ ▲❡ t❡♠♣s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❡st Tmax = 104ω−1p
❡t ✉♥❡ rés♦❧✉t✐♦♥ ❞❡ ✽ ♣❛rt✳✴❣r✐❧❧❡ ❡st ✉t✐❧✐sé❡✳ ❈❡tt❡ s✐♠✉❧❛t✐♦♥ ❡st ❧❛ ♣❧✉s ❧♦♥❣✉❡ ❡✛❡❝t✉é❡
❥✉sq✉✬✐❝✐✳
❉❛♥s ❧❡s t❡♠♣s ✐♥t❡r♠é❞✐❛✐r❡s ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ❡st t♦✉t à ❢❛✐t ✐❞❡♥t✐q✉❡ à ❝❡❧❧❡
❞❡s tr❛✈❛✉① ❬✷✷✱ ✶✵❪✳ P♦✉rt❛♥t✱ à ❞❡s t❡♠♣s ✉❧tér✐❡✉rs✱ ✐❧ ❡st ♠♦♥tré q✉✬✉♥❡ ♣♦♣✉❧❛t✐♦♥
s✉♣♣❧é♠❡♥t❛✐r❡ ❞❡ ♣❛rt✐❝✉❧❡s s❡ ♠❡t ❡♥ ♣❧❛❝❡✱ ❛✈❡❝ ✉♥ ♠é❝❛♥✐s♠❡ s❡♠❜❧❛❜❧❡ ❛✉ ♣r♦❝❡ss✉s
❞❡ ❋❡r♠✐ ■✱ ♦ù ❧❡s ♣❛rt✐❝✉❧❡s r❡❜♦♥❞✐ss❡♥t ❞❡s ❞❡✉① ❝♦tés ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ ❡t ❣❛❣♥❡♥t
❣r❛❞✉❡❧❧❡♠❡♥t ❞❡ ❧✬é♥❡r❣✐❡✳ ▲❡ ❣❛✐♥ ♣❛r ❝②❝❧❡ ❡st∆E ∼ γshE ✭ré❢ér❡♥t✐❡❧ ❉❘❋✮ ❛✉ ♣r❡♠✐❡r
❝②❝❧❡ ❡t ∆E ∼ E ❛✉① ❝②❝❧❡s s✉✐✈❛♥ts✱ ❝♦♠♠❡ ❛tt❡♥❞✉ ❞❛♥s ❧❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ✭✈♦✐r ❡✳❣✳
❧❡ ❝❤❛♣✐tr❡ ✷ ❞❡ ❝❡tt❡ t❤ès❡✮✳ ❈❡ ♠é❝❛♥✐s♠❡ ❡t ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ s♦♥t ✐❧❧✉strés
❞❛♥s ❧❛ ❋✐❣✉r❡ ✺✳✺ à ❞r♦✐t❡✳ ▲❛ ♣❛rt✐❡ ❛❝❝é❧éré❡ ❡♠♣♦rt❡ t②♣✐q✉❡♠❡♥t ✶✪ ❞❡ ♣❛rt✐❝✉❧❡s
❡♥ ♥♦♠❜r❡ ❡t ✶✵✪ ❡♥ é♥❡r❣✐❡ ✭❞♦♥❝ ξe ≃ 0.1✮✳
❑❡s❤❡t ❡t ❛❧✳ ✷✵✵✾ ❬✷✺❪ ✿ ❆✉ ♠♦②❡♥ ❞❡ ❧❛ ♣❧✉s ❧♦♥❣✉❡ s✐♠✉❧❛t✐♦♥ à ❥♦✉r ✭Nx×Ny =
[6300× 1024]δ2e ✱ Tmax = 12600ω−1pe ✮ ❝❡s ❛✉t❡✉rs ❞é❣❛❣❡♥t ✉♥ ♣♦✐♥t ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❞é✲
✈❡❧♦♣♣❡♠❡♥t t❡♠♣♦r❡❧ ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ♥♦♥✲♠❛❣♥ét✐sé ✿ ❧❡s ♣❛rt✐❝✉❧❡s s♦♥t ❛❝❝é❧éré❡s
❝♦♥t✐♥✉❡❧❧❡♠❡♥t ❡t ❛✉① é♥❡r❣✐❡s ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❣r❛♥❞❡s✳ ▲❛ t❛✐❧❧❡ ❞✉ ♣ré❝✉rs❡✉r ♥✬❡st ♣❛s
❧✐♠✐té❡ ♣❛r ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ ❡t ❣r❛♥❞✐t ❛✈❡❝ ❧❡ t❡♠♣s✳ P❛r❛❧❧è❧❡♠❡♥t à ❧✬❛❝❝é✲
❧ér❛t✐♦♥✱ ❧❛ ③♦♥❡ ❞❡ t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡ ❞❡✈✐❡♥t ❞❡ ♣❧✉s ❡♥ ♣❧✉s ét❡♥❞✉❡✱ ❝♦♥t✐❡♥t ❞❡s
✢✉❝t✉❛t✐♦♥s ♠❛❣♥ét✐q✉❡s ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❣r❛♥❞❡ ❛♠♣❧✐t✉❞❡ ❡t ❧❡✉r ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡
❛✉❣♠❡♥t❡✳
▲❛ t❛✐❧❧❡ ❞❡ ❧❛ ③♦♥❡ t✉r❜✉❧❡♥t❡ s✬ét❡♥❞ à ♣❧✉s✐❡✉rs 103δ−1e ❛✉t♦✉r ❞✉ ❝❤♦❝✱ à ❧❛ ✜♥
❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❡t ❝♦♥t✐♥✉❡ ❞❡ ❝r♦✐tr❡✳ ▲✬❛♠♣❧✐t✉❞❡ ♠♦②❡♥♥❡ ❞❡s ❝❤❛♠♣s ♠❛❣♥ét✐q✉❡s
❣é♥érés ❡st ǫB ∼ 1✪ ✭✶✵✪ ❛✉ ❢r♦♥t ❞❡ ❝❤♦❝✮ ❡t ❧❛ ❢r❛❝t✐♦♥ ❞✬é♥❡r❣✐❡ tr❛♥s♠✐s❡ ❛✉① ♣❛rt✐✲
❝✉❧❡s ❛❝❝é❧éré❡s ❡st ∼ 10✪✳ ▲❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❢♦rt s❡♠❜❧❡ s✉r✈✐✈r❡ s✉r ❞❡s ❞✐st❛♥❝❡s
s✉♣ér✐❡✉r❡s à 104δe ❞❛♥s ❧❛ ré❣✐♦♥ ❛✈❛❧✳ ❙❛♥s é✈✐❞❡♥❝❡ ❞❡ s❛t✉r❛t✐♦♥✱ ❝❡ s♦♥t ❞♦♥❝ ❞❡s
❧✐♠✐t❡s ♠✐♥✐♠❛❧❡s ♣♦✉r ✉♥ ❝❤♦❝ ♥♦♥✲♠❛❣♥ét✐sé✱ q✉✐ s❡♠❜❧❡ êtr❡ ✉♥ ❛❝❝é❧ér❛t❡✉r ❡✣❝❛❝❡
❞❡ ♣❛rt✐❝✉❧❡s✳
✶✵✷ ✺✳✷✳ ❊❚❆❚ ❉❊ ▲✬❆❘❚
τω
0
200
-100
100
200
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400
e
 e
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100 2000
❋✐❣✳ ✺✳✻✿ ■❧❧✉str❡ ❧❡s tr❛❥❡❝t♦✐r❡s ❞❡s ♣❛rt✐❝✉❧❡s ❧❡s ♣❧✉s é♥❡r❣ét✐q✉❡s ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ ❞✉
❝❤♦❝ r❡❧❛t✐✈✐st❡ e−− i ✭mi/me = 32✮✱ γinj = 20✳ ❉❛♥s ❧❡ ❣r❛♣❤❡ ❞❡ ❣❛✉❝❤❡ ❧❡s tr❛❥❡❝t♦✐r❡s
❞❡ ♣❛rt✐❝✉❧❡s ❧❡s ♣❧✉s é♥❡r❣ét✐q✉❡s s♦♥t r❡♣rés❡♥tés✱ ✐❧❧✉str❛♥t q✉❡ ❧❡ ♠é❝❛♥✐s♠❡ ❡st ❡♥❝♦r❡
s❡♠❜❧❛❜❧❡ à ❋❡r♠✐ ■ ✭❣r❛♣❤❡ ❡♥❝❛♣s✉❧é✮✳ ▲❛ ✜❣✉r❡ ❞❡ ❞r♦✐t❡ ♠♦♥tr❡ ❧✬é✈♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡
❞❡ ❧✬é♥❡r❣✐❡ ❞❡s ♣❛rt✐❝✉❧❡s ❧❡s ♣❧✉s é♥❡r❣ét✐q✉❡s✳ ❋✐❣✉r❡ ✸ ❞❡ ▼❛rt✐♥s ❡t ❛❧✳ ✷✵✵✾ ❬✷✻❪✳
▼❛rt✐♥s ❡t ❛❧✳ ✷✵✵✾ ❬✷✻❪ ✿ ❘❡♣r❡♥♥❡♥t ❧✬✐♥✈❡st✐❣❛t✐♦♥ ❞✉ ♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐✱ ❝❡tt❡
❢♦✐s ♣♦✉r ✉♥ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ❞❛♥s ✉♥ ♣❧❛s♠❛ ❝♦♠♣♦sé ❞✬é❧❡❝tr♦♥s ❡t ❞✬✐♦♥s ✭mi/me = 32✮✳
▲❡ ❝♦❞❡ P■❈✲✷❉ ✉t✐❧✐sé ✭❖❙■❘■❙✮ ❡st ✉♥ ❝♦❞❡ ❛✉① ❞✐✛ér❡♥❝❡s ✜♥✐❡s ❡①♣❧✐❝✐t❡✳
▲❡ ♠é❝❛♥✐s♠❡ ♦❜s❡r✈é ❡st ❡♥ t♦✉t ♣♦✐♥t s❡♠❜❧❛❜❧❡ ❛✉① ❝❤♦❝s é❧❡❝tr♦♥s ✲ ♣♦s✐tr♦♥s✱
♣rés❡♥té ❞❛♥s ❬✷✹❪✱ ❝♦♠♠❡ ❧✬✐❧❧✉str❡ ❧❛ ❋✐❣✉r❡ ✸ ❞❡ ❧❡✉r ❛rt✐❝❧❡ ❡t r❡♣r♦❞✉✐t❡ ✐❝✐ ❞❛♥s ❋✐❣✳
✺✳✻✳ ❉❛♥s ❧❡ ❣r❛♣❤❡ ❞❡ ❣❛✉❝❤❡ ❧❡s tr❛❥❡❝t♦✐r❡s ❞❡s ♣❛rt✐❝✉❧❡s ❧❡s ♣❧✉s é♥❡r❣ét✐q✉❡s s♦♥t
r❡♣rés❡♥té❡s✱ ✐❧❧✉str❛♥t q✉❡ ❧❡ ♠é❝❛♥✐s♠❡ ❡st ❡♥❝♦r❡ s❡♠❜❧❛❜❧❡ à ❋❡r♠✐ ■✳ ❈❡❝✐ ❝♦♥✜r♠❡ ❧❛
s✉❣❣❡st✐♦♥ ❞❡ ❬✷✸❪ q✉❡ ❧❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s é❧❡❝tr♦♥s ✲ ✐♦♥s s❡ ❝♦♠♣♦rt❡♥t ❝♦♠♠❡ ✉♥ ❝❤♦❝
❞❛♥s ❧❡ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s✱ ♠❛✐s ❧❛ ❞②♥❛♠✐q✉❡ ❡st ❞♦♠✐♥é❡ ♣❛r ❧✬é❝❤❡❧❧❡ s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡
❞❡s ✐♦♥s✳ ▲❡ ✈❛✲❡t✲✈✐❡♥t ❞❡s ❞❡✉① ❝ôtés ❞✉ ❝❤♦❝ ❡st ❜✐❡♥ ❧❡ ♠é❝❛♥✐s♠❡ r❡s♣♦♥s❛❜❧❡ ❞❡
❧✬❛❝❝é❧ér❛t✐♦♥ ❛✈❡❝ ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❝r♦✐ss❛♥t❡ ❞❛♥s ❧❡ t❡♠♣s ❝♦♠♠❡ E(t)/E0 ∝ 2t/τcoll ✳
❈❡tt❡ é✈♦❧✉t✐♦♥ ❡st ♣❧✉s r❛♣✐❞❡ q✉❡ Emax ∝
√
t✱ ❛tt❡♥❞✉ s✐ ❧❛ ❞✐✛✉s✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s
s❡ ❢❛✐t ❡♥ ré❣✐♠❡ ❞❡ s❝❛tt❡r✐♥❣ à ♣❡t✐ts ❛♥❣❧❡s✳ ▲❡ t❡♠♣s ❛ss❡③ ❝♦✉rt ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥
Tmax = 500ω
−1
pi ❧❛✐ss❡ ♣❡♥s❡r q✉❡ ❝❡ ré❣✐♠❡ ♥✬❡st ♣❛s ❡♥❝♦r❡ ❛tt❡✐♥t ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥✳
❙✐r♦♥✐ ✫ ❙♣✐t❦♦✈s❦② ✷✵✵✾ ❬✶✶❪ ✿ ▼ê♠❡ s✐ ❧❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s s♦♥t ❣é♥ér✐q✉❡♠❡♥t
q✉❛s✐✲♣❡r♣❡♥❞✐❝✉❧❛✐r❡s ✭s✐ γsh ≫ 1✱ ✐❧ s✉✣t ❞✬✉♥❡ ✐♥❝❧✐♥❛✐s♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣❛r
r❛♣♣♦rt à ❧❛ ♥♦r♠❛❧❡ ≥ 1/γsh✱ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❝♦✲♠♦❜✐❧❡ ❛♠♦♥t✱ ♣♦✉r q✉❡ ❧❡ ❝❤♦❝ s♦✐t
❈❍❆P■❚❘❊ ✺✳ ❈❖❉❊❙ P■❈ ❊❚ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ✶✵✸
q✉❛s✐✲♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ❢r♦♥t✮ ❧✬♦❜❧✐q✉✐té θB ❡st ✉♥ ♣❛r❛♠ètr❡ ✐♠♣♦r✲
t❛♥t ❞❛♥s ❧❛ ♣❤②s✐q✉❡ ❞❡s ❝❤♦❝s✳ ▲❡s ❛✉t❡✉rs ét✉❞✐❡♥t ❞♦♥❝ ❧❛ str✉❝t✉r❡ ❡t ❧❛ ♣❡r❢♦r♠❛♥❝❡
❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s e−−e+ ♠❛❣♥ét✐sés σ = 0.1 ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬♦❜❧✐q✉✐té
❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣❛r r❛♣♣♦rt à ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝ θB✳ ▲❡ ❝♦❞❡ ♥✉♠ér✐q✉❡ ✉t✐❧✐sé
❡st ❧❡ ♠ê♠❡ q✉❡ ❞❛♥s ❬✶✵✱ ✾✱ ✷✸✕✷✺❪ ❡t ❧❡s s✐♠✉❧❛t✐♦♥s s♦♥t s✉✣s❛♠♠❡♥t ❧♦♥❣✉❡s ❡t ❧❛r❣❡s
♣♦✉r ✈♦✐r ❧❡ ♣❧❡✐♥ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ ❝❤♦❝✳ ▲❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❞✉ ♣❧❛s♠❛ ✐♥❥❡❝té ❡st ✜①❡
γinj = 15✳ P♦✉r ✉♥❡ ♠❛❣♥ét✐s❛t✐♦♥ ❛✉ss✐ é❧❡✈é❡✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ❝❛s ❞❡ ♠❛❣♥ét✐s❛t✐♦♥
♥✉❧❧❡✱ ❧❡s ❝❤♦❝s ♥❡ s❡ ❢♦r♠❡♥t ♣❛s s✉✐t❡ à ❧❛ ✜❧❛♠❡♥t❛t✐♦♥ ❞✉ ♣❧❛s♠❛ ♠❛✐s ♣❛r ré✢❡①✐♦♥
❞✉ ✢♦t ✐♥❝✐❞❡♥t s✉r ✉♥❡ ❜❛rr✐èr❡ ♠❛❣♥ét✐q✉❡ ✭❡✛❡ts é❧❡❝tr♦st❛t✐q✉❡s ♥é❣❧✐❣❡❛❜❧❡s ❞❛♥s ✉♥
♣❧❛s♠❛ ❞❡ ♣❛✐r❡s✮✳
❉❛♥s ❝❡tt❡ ét✉❞❡ ✉♥❡ ❞✐st✐♥❝t✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ❡st ❢❛✐t❡ ❡♥tr❡
❧❡s ❝❤♦❝s s✉❜✲❧✉♠✐♥✐q✉❡s ✭θB ≤ θc = 34◦/γsh✱ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❛✈❛❧ ❛✉ r❡♣♦s ❉❘❋✮
❡t s✉♣❡r❧✉♠✐♥✐q✉❡s ✭θB > θc✮✳ ▲❡ ❧♦♥❣ ❞❡s ❧✐❣♥❡s ❞✉ ❝❤❛♠♣ ❧❡s ♣❛rt✐❝✉❧❡s ♥❡ ♣❡✉✈❡♥t
s✬é❝❤❛♣♣❡r ✈❡rs ❧✬❛♠♦♥t ❞✉ ❝❤♦❝ q✉❡ ❧♦rsq✉❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❡st s✉❜✲❧✉♠✐♥✐q✉❡✳ ❙✐♥♦♥✱ ✉♥❡
✈✐t❡ss❡ ♣❧✉s ❣r❛♥❞❡ q✉❡ c ❡st r❡q✉✐s❡✳ ❉❛♥s ❧❡ ❝❛s s✉❜✲❧✉♠✐♥✐q✉❡ ❞♦♥❝✱ ❧❛ ❧✐❜r❡ ❝✐r❝✉❧❛t✐♦♥
❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❞❡✉① ❝ôtés ❞✉ ❝❤♦❝ ♣❡r♠❡t ❛✉ ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡ s❡ ❞é✈❡❧♦♣♣❡r
❞✐r❡❝t❡♠❡♥t à ♣❛rt✐r ❞❡ ❧❛ ♣❛rt✐❡ ♠❛①✇❡❧❧✐❡♥♥❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥✳ ▲❡ rô❧❡
❞✬❛❣❡♥ts ❞✐✛✉s❡✉rs ❡st ❛ss✉♠é ♣❛r ❧❛ ❣é♥ér❛t✐♦♥ ❞✬♦♥❞❡s ♦❜❧✐q✉❡s ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝✱
s✉✐t❡ à ❧✬✐♥t❡r❛❝t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉ é♥❡r❣ét✐q✉❡ ❛✈❡❝ ❧❡ ♣❧❛s♠❛ ❛♠♦♥t✳ ▲✬❛♥❛❧②s❡ ❞ét❛✐❧❧é❡ ❞✉
t②♣❡ ❞✬♦♥❞❡s ✐♠♣❧✐q✉é ♥✬❡st ♣❛s ♣rés❡♥té❡ ❞❛♥s ❧✬ét✉❞❡✳ ▲✬✐♥❞✐❝❡ α ❞❡ ❧❛ ❧♦✐ ❡♥ ♣✉✐ss❛♥❝❡
❞❡ ❧❛ q✉❡✉❡ s✉♣r❛✲t❤❡r♠✐q✉❡ ✭dN/dE ∝ E−α✮ ❡st ❝♦♠♣r✐s ❡♥tr❡ 2.2 ❡t 2.8✳ ▲❡ ♠é❝❛♥✐s♠❡
❞✬❛❝❝é❧ér❛t✐♦♥ ♥✬❡st ♣❛s ✉♥✐q✉❡♠❡♥t ❝❡❧✉✐ ❞❡ t②♣❡ ❞✐✛✉s✐❢ ✭❋❡r♠✐ ■✮✳ ❯♥❡ ❝♦♥tr✐❜✉t✐♦♥
♠❛❥❡✉r❡ s❡♠❜❧❡ ✈❡♥✐r ❞✉ ♠é❝❛♥✐s♠❡ ❛♣♣❡❧é ❙❤♦❝❦ ❉r✐❢t ❆❝❝❡❧❡r❛t✐♦♥ ✭❙❉❆✱ ❛❝❝é❧ér❛t✐♦♥
❞❡ ❞ér✐✈❡✮ ♦ù ❧❡ ❣❛✐♥ ❡♥ é♥❡r❣✐❡ ❛ ❧✐❡✉ ❧♦rs ❞❡ ❧❛ ❞ér✐✈❡ ❞❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡ ❝❤❛♠♣
é❧❡❝tr✐q✉❡ ♠♦t✐♦♥♥❡❧ Ey ❧❡ ❧♦♥❣ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✳ ❈❡ ♠é❝❛♥✐s♠❡ ❡st ♣❧✉s r❛♣✐❞❡ ♣♦✉r ❧❡s
❛♥❣❧❡s θB s✉♣ér✐❡✉rs à ✵ ♠❛✐s ♣❧✉s ♣❡t✐ts q✉❡ ❧✬❛♥❣❧❡ ❝r✐t✐q✉❡ θc✳ ▲❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡ ❙❉❆
❣r❛♥❞✐t q✉❛♥❞ θB ❛✉❣♠❡♥t❡ ❞❡ ✵ à θc✱ ❛❧❧❛♥t ❞❡ ∼ 30✪ à ∼ 90✪✱ r❡s♣❡❝t✐✈❡♠❡♥t✳ ▲❡ ❝❛s
θB = 0
◦ ❡st ✉♥ ❝❛s ♣❛rt✐❝✉❧✐❡r ♦ù ❧❡ ❙❉❆ ♥❡ ❢♦♥❝t✐♦♥♥❡ ♣❛s ♣✉✐sq✉❡ ❧❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡
❞❡ ❝♦♥✈❡❝t✐♦♥ Ey ❡st ♥✉❧✳
❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ❝❤♦❝s s✉♣r❛❧✉♠✐♥✐q✉❡s ✭θB > θc✮✱ ❧✬❛❝❝é❧ér❛t✐♦♥ s❡♠❜❧❡ êtr❡
✐♥♦♣ér❛♥t❡ s✉✐t❡ ❛✉ ✈❡rr♦✉✐❧❧❛❣❡ ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❤❛s❡s ♣❛r ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡✳
▲❡ ♥✐✈❡❛✉ ❞❡ t✉r❜✉❧❡♥❝❡ ❛✉t♦✲❣é♥éré❡ ♣❛r ❧❡ ❝❤♦❝ ❡st ✐♥s✉✣s❛♥t ♣♦✉r ♣❡r♠❡ttr❡ ❛✉① ♣❛r✲
t✐❝✉❧❡s ❞❡ s✬é❝❤❛♣♣❡r ❞✉ ♠✐❧✐❡✉ ❛✈❛❧✳ ▲❛ ré❣✐♦♥✱ r❡♠♣❧✐❡ ♣❛r ❧❡s ♣❛rt✐❝✉❧❡s ré✢é❝❤✐❡s ❛✉
❢r♦♥t✱ ❞❡✈✐❡♥t ♣❧✉s ♣❡t✐t❡ ❡t ❞✐s♣❛r❛✐t ♣♦✉r θB ≫ θc ✳ ▲✬é♠✐ss✐♦♥ ❞✬✉♥❡ ♦♥❞❡ é❧❡❝tr♦♠❛✲
❣♥ét✐q✉❡ ✭♠♦❞❡ ❡①tr❛✲♦r❞✐♥❛✐r❡✮✱ é♠✐s à ♣❛rt✐r ❞✉ ❢r♦♥t✱ ♣❡r♠❡t ❛✉ ✢♦t ✐♥❝✐❞❡♥t ❞❡ s❡
t❤❡r♠❛❧✐s❡r ❡t ❛ss✉r❡r ❧❛ tr❛♥s✐t✐♦♥ ❛✉ ❝❤♦❝✳
❯♥❡ r❡♠❛rq✉❡ s✬✐♠♣♦s❡ ✿ ❧✬❛❜s❡♥❝❡ ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❛♥s ❧❡s ❝❤♦❝ s✉♣❡r❧✉♠✐♥✐q✉❡s ❡st
♥♦♥✲s❡✉❧❡♠❡♥t ❞✉❡ à ❧✬♦❜❧✐q✉✐té ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♠❛✐s ❛✉ss✐ à s♦♥ ✐♥t❡♥s✐té✳ ❊♥
✶✵✹ ✺✳✷✳ ❊❚❆❚ ❉❊ ▲✬❆❘❚
❡✛❡t✱ ✉♥❡ ♠❛❣♥ét✐s❛t✐♦♥ ❛✉ss✐ ❢♦rt❡ ✭σ = 0.1✮ r❡str❡✐♥t ❧❛ t❛✐❧❧❡ ❞✉ ♣ré❝✉rs❡✉r à ✉♥❡
❧♦♥❣✉❡✉r très ♣❡t✐t❡ ✭ℓp ∝ σ−1/2✱ ❬✸✸❪✮✱ ♥❡ ♣❡r♠❡tt❛♥t ❞♦♥❝ ♣❛s ❛✉① ✐♥st❛❜✐❧✐tés ❞❡ t②♣❡
❢❛✐s❝❡❛✉✲♣❧❛s♠❛ ❞❡ s❡ ❞é✈❡❧♦♣♣❡r✳
❍❛✉❣❜ø❧❧❡ ✷✵✶✶ ❬✶✸❪ ✿ ❙✐♠✉❧❛t✐♦♥s ✷❉ ❡t ✸❉ ❞✬✉♥ ❝❤♦❝ é❧❡❝tr♦♥s✲✐♦♥s ♥♦♥✲♠❛❣♥ét✐sé✱
❛✈❡❝ ✉♥ r❛♣♣♦rt ❞❡ ♠❛ss❡s mi/me = 16✳ ▲✬é✈♦❧✉t✐♦♥ ❞✉ ❝❤♦❝ à ❧♦♥❣ t❡r♠❡ ❡st s✉✐✈✐❡ à
❧✬❛✐❞❡ ❞✬✉♥❡ ❢❡♥êtr❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❣❧✐ss❛♥t❡ q✉✐ r❡st❡ ❝❡♥tré❡ s✉r ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝✳ ❈❡tt❡
t❡❝❤♥✐q✉❡ ♣❡r♠❡t ❞❡ ré❞✉✐r❡ ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ❜♦ît❡ ❞❡ s✐♠✉❧❛t✐♦♥ t♦✉t ❡♥ s✉✐✈❛♥t ❧❡ ❢r♦♥t✳
▲✬❛✉t❡✉r s♦✉❧✐❣♥❡ ♣❧✉s✐❡✉rs ❞✐✛ér❡♥❝❡s ❞❛♥s ❧❛ ♣❤②s✐q✉❡ ❞✉ ❝❤♦❝ ❡♥tr❡ ❧❡s ❝❛s ✷❉
❡t ✸❉ ✿ ✐♥❞✐❝❡ ❛❞✐❛❜❛t✐q✉❡ ❞✉ ❣❛③ r❡❧❛t✐✈✐st❡ ❡st ❞✐✛ér❡♥t ✭✷✴✸ ❡♥ ✷❉ ❡t ✹✴✸ ❡♥ ✸❉✮✱
❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t✱ ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ ❞❡ ❧❛ ♣❛rt✐❡ s✉♣r❛✲t❤❡r♠✐q✉❡ ❞❡s ❢♦♥❝t✐♦♥s ❞❡
❞✐str✐❜✉t✐♦♥ ✭✷✳✷ ❛✉ ❧✐❡✉ ❞❡ ✷✳✹✱ ♣❧✉s ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ ♣ré❞✐❝t✐♦♥ t❤é♦r✐q✉❡✱ ❡✳❣ ❬✸✹✱ ✸✺❪✮✳
❊♥ ❝♦♠♣❛r❛♥t ❛✉① s✐♠✉❧❛t✐♦♥s ✷❉✱ ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ ✸❉ ❧❡s ✜❧❛♠❡♥ts ❞❡ ❝♦✉r❛♥t ❡♥
❛♠♦♥t ❞✉ ❝❤♦❝ s♦♥t ♣❧✉s st❛❜❧❡s✱ ❧❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❡st ♣❧✉s ❢♦rt ❡t ❧❡
♥✐✈❡❛✉ ❞❡ t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡ ❡st ♣❧✉s ❢❛✐❜❧❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❢r♦♥t ✭✽✪ ❛✉ ❧✐❡✉ ❞❡ ✶✻✪
❡♥ ✷❉✮✳ ❚♦✉s ❝❡s ❛s♣❡❝ts ❛♠è♥❡♥t ✉♥❡ ❞✐✛ér❡♥❝❡ q✉❛♥t✐t❛t✐✈❡ ❡t q✉❛❧✐t❛t✐✈❡ ♣❛r r❛♣♣♦rt
❛✉① s✐♠✉❧❛t✐♦♥s ✷❉✱ ❝♦♠♠❡ s✉❣❣éré ♣❛r ❧✬❛✉t❡✉r✳
❙✐r♦♥✐ ✫ ❙♣✐t❦♦✈s❦② ✷✵✶✶ ❬✷✼❪ ✿ ❙✉✐t❡ ❞✉ tr❛✈❛✐❧ ❬✶✶❪✱ ♣♦✉r ✉♥ ♣❧❛s♠❛ ❝♦♠♣♦sé
❞✬é❧❡❝tr♦♥s ❡t ❞✬✐♦♥s✳ ❯♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡s rés✉❧t❛ts ❡st ❝♦♠♣❛r❛❜❧❡ à ❝❡✉① ❞❡ ❬✶✶❪
♣✉✐sq✉❡ ❧❡s ❝❤♦❝s é❧❡❝tr♦♥s ✲ ✐♦♥s s❡ ❝♦♠♣♦rt❡♥t ❞❡ ♠❛♥✐èr❡ s✐♠✐❧❛✐r❡ ❛✉ ❝❤♦❝s e− − e+
❡♥ ❛✈❛❧ ❞✉ ❢r♦♥t✱ s✉✐t❡ à ❧❛ ♠✐s❡ ❡♥ éq✉✐♣❛rt✐t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❛✈❡❝ ❧❡s ✐♦♥s✳ ◆♦t♦♥s q✉❡
❧❡s ❡✛❡ts ❞❡ ❝❤❛r❣❡ ❞✬❡s♣❛❝❡ ❡t ✉♥ ❝❤❛♠♣ é❧❡❝tr♦st❛t✐q✉❡ ❢♦rt ❛✉ ♥✐✈❡❛✉ ❞✉ ❢r♦♥t s♦♥t
❝❛r❛❝t❡r✐st✐q✉❡s ❛✉① ❝❤♦❝s e−−✐♦♥s✳
❚♦✉t❡❢♦✐s✱ ❧❡s ❛✉t❡✉rs ✈❛r✐❡♥t ❡♥ ♣❧✉s ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❞✉ ♠✐❧✐❡✉ σ ∈ [10−5, 0.1] ❡t ❧❡
❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ γinj ∈ [3, 50]✳ ❉❡s rés✉❧t❛ts ♥♦✉✈❡❛✉① é♠❡r❣❡♥t ✿
✕ ❙✐ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❡st ❛ss❡③ é❧❡✈é❡ ✭σ > 10−3✮ ❧❛ ♠ê♠❡ ❞✐st✐♥❝t✐♦♥ ❡♥tr❡ ❝❤♦❝s
s✉❜ ♦✉ s✉♣❡r ✲ ❧✉♠✐♥✐q✉❡s s❡ ♠❛♥✐❢❡st❡✳ ▲✬éq✉✐♣❛rt✐t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❛✈❡❝ ❧❡s ✐♦♥s
s❡♠❜❧❡ ✉♥✐✈❡rs❡❧❧❡ ❡t ✐♠♣❧✐q✉❡ q✉❡ ❧❡s ❝❤♦❝s s♦♥t s❡♠❜❧❛❜❧❡s ❛✉① ❝❤♦❝s ❞❛♥s ✉♥
♣❧❛s♠❛ ❞❡ ♣❛✐r❡s✳ ❊♥ s✬❛♣♣r♦❝❤❛♥t ❞✉ ❝❤♦❝✱ ❧❡ ♣♦t❡♥t✐❡❧ é❧❡❝tr♦st❛t✐q✉❡ ✐♥❞✉✐t ❧❡
r❛❧❡♥t✐ss❡♠❡♥t ❞✉ ✢♦t ❞✬✐♦♥s ❡t ❛❝❝é❧ér❛t✐♦♥ ❞✉ ✢♦t ❞✬é❧❡❝tr♦♥s✳ P❡r♠❡tt❛♥t ❛✐♥s✐
✉♥ é❝❤❛♥❣❡ ❞✬é♥❡r❣✐❡ ❡✣❝❛❝❡ ❡♥tr❡ ❧❡s ❞❡✉①✳
✕ ❙✐ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❡st ❢❛✐❜❧❡ ✭σ < 10−3✮✱ ❧❡ ❝❤♦❝ ❞❡✈✐❡♥t ♥♦♥✲♠❛❣♥ét✐sé✱ s❛ str✉❝✲
t✉r❡ ❡st ❣♦✉✈❡r♥é❡ ♣❛r ❧✬✐♥st❛❜✐❧✐té ❞❡ ✜❧❛♠❡♥t❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ✐♦♥✐q✉❡✱ ❞♦♥t ❧❡s
♣r♦♣r✐étés s♦♥t ❞é❝r✐t❡s ❞❛♥s ❬✷✸✱ ✷✻❪✳
✕ ■♥st❛❜✐❧✐té ❞❡ ❇❡❧❧ ❡st ✐❞❡♥t✐✜é❡ ❞❛♥s ❧❡s ❝❤♦❝s s✉❜✲❧✉♠✐♥✐q✉❡s ❡t à ♠❛❣♥ét✐s❛t✐♦♥
❢♦rt❡✳
❈❍❆P■❚❘❊ ✺✳ ❈❖❉❊❙ P■❈ ❊❚ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ✶✵✺
❋✐❣✳ ✺✳✼✿ ❙tr✉❝t✉r❡ ❞✉ ❝❤♦❝ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ é❧❡❝tr♦♥s✲✐♦♥s ♣♦✉r ✺ s✐♠✉❧❛t✐♦♥s ✷❉ ✭mi/me = 25✮
❛✉ t❡♠♣s t = 11250 ω−1pe ✱ ❛✈❡❝ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ✈❛r✐❛❜❧❡ ❞❡ σ = 0 ✭✜❣✉r❡s ❞❡ ❤❛✉t✮ à
σ = 10−3 ✭✜❣✉r❡s ❞❡ ❜❛s✮✳ ▲❛ ♣r❡♠✐èr❡ ❝♦❧♦♥♥❡ ♠♦♥tr❡ ❧❛ ❢r❛❝t✐♦♥ ❞✬é♥❡r❣✐❡ ♠❛❣♥ét✐q✉❡
ǫB = δB
2/(8πγinjnimic
2) ❞❛♥s ❧❡ ♣❧❛♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❧❛ s❡❝♦♥❞❡ ♠♦♥tr❡ ❧✬❡s♣❛❝❡ ❞❡ ♣❤❛s❡
❧♦♥❣✐t✉❞✐♥❛❧ x− γiβi,x ❞❡s ✐♦♥s ❡t ❧❛ tr♦✐s✐è♠❡ ❝♦❧♦♥♥❡ ♠♦♥tr❡ ❧❛ ♠ê♠❡ ❝❤♦s❡ ♣♦✉r ❧❡s é❧❡❝tr♦♥s✳
❋✐❣✉r❡ ✐ss✉❡ ❞❡ ❬✷✽❪✳
✕ ❋✐①❛♥t σ = 0.1✱ ❞❛♥s ❧❡ ❝❛s s✉❜✲❧✉♠✐♥✐q✉❡✱ ❧❛ str✉❝t✉r❡ ❡t ♣r♦♣r✐étés ❞✬❛❝❝é❧ér❛t✐♦♥
❛✉ ❝❤♦❝ ♥❡ ❞é♣❡♥❞❡♥t ♣❛s ❞✉ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ γinj ✱ à ♣❛rt ❧❡ ❢❛✐t ❞❡ ❞é❝❛❧❡r t♦✉t❡
❧❛ ❞✐str✐❜✉t✐♦♥ ♠❛①✇❡❧❧✐❡♥♥❡ ❞✉ ♣❧❛s♠❛ ❛✈❛❧ s✉✐✈❛♥t γshmic2✱ ♣♦✉r γsh ∈ [4, 71]✳
❈❡tt❡ ♣r♦♣r✐été ❡st ❛ttr✐❜✉é❡ à ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❇❡❧❧✱ ❞♦♥t ❧❡ t❛✉① ❞❡
❝r♦✐ss❛♥❝❡ ♥❡ ❞é♣❡♥❞ ♣❛s ❞❡ γsh ✭❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✮✳
❉❛♥s ❧❡ ❝❛s s✉♣❡r✲❧✉♠✐♥✐q✉❡✱ ✐❧ s❡♠❜❧❡ q✉❡ ❧❛ ♠✐s❡ ❡♥ éq✉✐♣❛rt✐t✐♦♥ ❞❡s é❧❡❝tr♦♥s
♥❡ s❡ ♣r♦❞✉✐t q✉❡ ♣♦✉r ❧❡s ❢❛❝t❡✉rs ❞❡ ▲♦r❡♥t③ γinj > (mi/me)1/3 ❛✜♥ ❞❡ ♣❡r♠❡ttr❡
à ❧✬✐♥st❛❜✐❧✐té ♠❛s❡r✲s②♥❝❤r♦tr♦♥✱ r❡s♣♦♥s❛❜❧❡ ❞✉ ❢♦rt ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❧❡s é❧❡❝tr♦♥s
❡t ✐♦♥s✱ ❞❡ s❡ ❞é❝❧❡♥❝❤❡r✳ P♦✉r γinj ♣❧✉s ❢❛✐❜❧❡ ❧❛ t❡♠♣ér❛t✉r❡ é❧❡❝tr♦♥✐q✉❡ s❛t✉r❡
à γshmec2✱ mi/me ❢♦✐s ❡♥ ❞❡ss♦✉s ❞❡ ❧✬éq✉✐♣❛rt✐t✐♦♥ ♣✉✐sq✉❡ ❧❡ ♠é❝❛♥✐s♠❡ ❞✬♦s❝✐❧✲
❧❛t✐♦♥s é❧❡❝tr♦♥✐q✉❡s r❡❧❛t✐✈✐st❡ ♥✬❡st ♣❛s ♣rés❡♥t✳
❊♥ t❡r♠❡s ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❛♥s ❧❡s ❝❤♦❝s s✉♣❡r✲❧✉♠✐♥✐q✉❡s ❝❡ tr❛✈❛✐❧ ❛ ❞é❣❛❣é ❞♦♥❝
✉♥❡ ✐♠♣♦rt❡ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ♠❛❣♥ét✐s❛t✐♦♥s ❢❛✐❜❧❡s ❡t ❢♦rt❡s✳ ❆ ❢❛✐❜❧❡ ♠❛❣♥ét✐s❛t✐♦♥ ❧❛
str✉❝t✉r❡ ✜❧❛♠❡♥t❛✐r❡ ❡t ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♣r♦❞✉✐t ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❛❝❝é✲
❧érés✳ ❆ ❢♦rt❡ ♠❛❣♥ét✐s❛t✐♦♥✱ ❧❡ ❝❤♦❝ s❡ ❢♦r♠❡ ♣❛r ré✢❡①✐♦♥ ♠❛❣♥ét✐q✉❡ ❡t ❧✬❛❝❝é❧ér❛t✐♦♥
❡st ✈❡rr♦✉✐❧❧é❡✳
✶✵✻ ✺✳✷✳ ❊❚❆❚ ❉❊ ▲✬❆❘❚
❙✐r♦♥✐ ❡t ❛❧✳ ✷✵✶✸ ❬✷✽❪ ✿ ❆✉ ♠♦②❡♥ ❞❡s s✐♠✉❧❛t✐♦♥s ✷❉ ❡t ✸❉ ❝❡ tr❛✈❛✐❧ ❢❛✐t ✉♥❡
✐♥✈❡st✐❣❛t✐♦♥ ❞ét❛✐❧❧é❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❛♥s ❧❡ t❡♠♣s ❞❡ ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❞❡s ♣❛rt✐❝✉❧❡s
❛❝❝é❧érés ❡t ❞❡ ❧❛ str✉❝t✉r❡ ❞❡s ❝❤♦❝s ♣❡r♣❡♥❞✐❝✉❧❛✐r❡s✳ ❈❡❝✐ ❡♥ ✈❛r✐❛♥t ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉
♣❧❛s♠❛ ✭♣❛✐r❡s ♦✉ é❧❡❝tr♦♥s✲✐♦♥s✮✱ ♠❛❣♥ét✐s❛t✐♦♥s ✭σ ∈ [0, 0.1]✮ ❡t ❢❛❝t❡✉rs ❞❡ ▲♦r❡♥t③ ❞✉
❝❤♦❝ ✭γinj = [3, 240]✮✳
▲❡ ♣r❡♠✐❡r rés✉❧t❛t à s♦✉❧✐❣♥❡r ❡st q✉❡ ❧✬é✈♦❧✉t✐♦♥ ❞✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❞❡s ♣❛rt✐✲
❝✉❧❡s s✉✐t ❧❛ ❧♦✐ γmax ∝ (ωpet)1/2✱ ♣♦✉r t♦✉t❡ ♠❛❣♥ét✐s❛t✐♦♥ σ < 0.1 ❡t ♣♦✉r ❧❡s ❞❡✉①
❝♦♠♣♦s✐t✐♦♥s✳ ❈❡ rés✉❧t❛t ❞é❝♦✉❧❡ ❞✐r❡❝t❡♠❡♥t ❞✉ ré❣✐♠❡ ❞❡ tr❛♥s♣♦rt ❞❡ ♣❛rt✐❝✉❧❡s ❛✉①
♣❡t✐ts ❛♥❣❧❡s ❞❡ ❞é✢❡①✐♦♥ ✭❢réq✉❡♥❝❡ ❞❡ ❞✐✛✉s✐♦♥ νs ∝ γ−2 ❡t ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥
D ∝ γ2✮✳ ▲❡ t❡♠♣s ❞✬❛❝❝é❧ér❛t✐♦♥ ❛✉ ❝❤♦❝ ❡st ♣r♦♣♦rt✐♦♥♥❡❧ à D✱ ❡♥ ♣r❡♥❛♥t ♣❛r ❡①❡♠♣❧❡
❧❡ t❡♠♣s ❞❡ r❡t♦✉r ❞✬✉♥❡ ♣❛rt✐❝✉❧❡s ❛✈❛❧ → ❛♠♦♥t ✿ t = 18D/c2✱ ❞✬♦ù ❧❛ ❞é♣❡♥❞❛♥❝❡
γmax ∝
√
t✳ ▲✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❝❡ ré❣✐♠❡ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s P■❈ ✈✐❡♥t ❝♦♥✜r♠❡r ♥♦s
rés✉❧t❛ts s✉r ❧❡ tr❛♥s♣♦rt ❡♥ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ✭❬✸✻❪ ❡t ❈❤❛♣✐tr❡ ✸✮✳ ❉✬❛♣rès ❧❡✉rs s✐♠✉❧❛✲
t✐♦♥s✱ ❝❡tt❡ é✈♦❧✉t✐♦♥ ♥✬❡st ♣❛s ✐♥❞é✜♥✐❡ ❡t q✉❛♥❞ σ > 0 ❧✬é♥❡r❣✐❡ ❞❡s ♣❛rt✐❝✉❧❡s s❛t✉r❡ à
ǫsat ∼ σ−1/4γinjmic2 ✭mi ❡st s♦✐t ❧❛ ♠❛ss❡ ❞❡s ♣♦s✐tr♦♥s✱ s♦✐t ❞❡s ✐♦♥s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
❝♦♠♣♦s✐t✐♦♥✮✳
P♦✉r ❝♦♠♣r❡♥❞r❡ ❝❡tt❡ ❧♦✐ ✐❧ ❢❛✉t r❡❣❛r❞❡r ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ❡t ❧❡s ♣r♦♣r✐étés ❞❡ ❧❛
♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥✳ ❊♥ ❡✛❡t✱ ❧❡s ❛✉t❡✉rs tr♦✉✈❡♥t q✉❡ ❧❛
t❛✐❧❧❡ ❞❡ ❧❛ ré❣✐♦♥ t✉r❜✉❧❡♥t❡ ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝ ✭ét❡♥❞✉❡ ❞✉ ♣✐❡❞ ❞❡ ❝❤♦❝✮ ✈❛r✐❡ ❝♦♠♠❡
LB ∝ σ−1/2 ∝ B−10 ✳ ❊♥ ❞✬❛✉tr❡s ♠♦ts✱ ❝✬❡st ✉♥❡ ❢r❛❝t✐♦♥ ∼ 1/γsh ❞✉ r❛②♦♥ ❞❡ ▲❛r♠♦r ❞❡s
♣❛rt✐❝✉❧❡s ❞✉ ❢❛✐s❝❡❛✉ ♣r✐♠❛✐r❡✱ ré✢é❝❤✐ s✉r ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝✳ ▲✬é♥❡r❣✐❡ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡
❝❡ ❢❛✐s❝❡❛✉ ❡st ∼ γshmic2 ✭❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞❡s s✐♠✉❧❛t✐♦♥s ✿ ❛✈❛❧✳ ❉❛♥s ❧❡ ré❢✳ ❛♠♦♥t✱
✐✳❡✳ ♦❜s❡r✈❛t❡✉r✱ ❝❡tt❡ é♥❡r❣✐❡ ❡st ∼ γ2shmic2✮✳ ❙✐ ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❡st ❝♦♥tr❛✐♥t❡ ♣❛r
❝❡tt❡ t❛✐❧❧❡✱ ❛❧♦rs ❧❛ ❝♦♥❞✐t✐♦♥ ❡st D/c ≤ LB ✐♠♣❧✐q✉❡ γsat ∝ γinjσ−1/4✳ ❘❡✈❡♥❛♥t à ❧❛
str✉❝t✉r❡ ❞✉ ❝❤♦❝✱ ✐❧ ❡st tr♦✉✈é q✉❡ ❧❛ tr❛♥s✐t✐♦♥ s❡ ❢❛✐t ❛✉t♦✉r ❞❡ σc ≃ 10−3 ♣♦✉r ❧❡
♣❧❛s♠❛ ❞❡ ♣❛✐r❡s ❡t ❛✉t♦✉r ❞❡ σc ≃ 3 · 10−5 ♣♦✉r ✉♥ ♣❧❛s♠❛ e− − p✳ ◗✉❛♥❞ σ < σc ❧❡s
❝❤♦❝s s❡ ❝♦♠♣♦rt❡♥t ❝♦♠♠❡ ♥♦♥✲♠❛❣♥ét✐sés ❡t ❧❡✉r str✉❝t✉r❡ ❡st ❞✐❝té❡ ♣❛r ❧✬✐♥st❛❜✐❧✐té ❞❡
❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥✳ ◗✉❛♥❞ σ >> 10−2 ❧✬♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❝♦❤ér❡♥t❡ ❡st ♣r♦❞✉✐t❡
♣❛r ❧❡ ❢r♦♥t✱ s♦✉s ❧✬❡✛❡t ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ▼❛s❡r ❙②♥❝❤r♦tr♦♥✱ ❡t ❧❡ ❝❤♦❝ ♥✬❛❝❝é❧èr❡ ♣❛s ❞❡
♣❛rt✐❝✉❧❡s✳ ▲❛ s✐t✉❛t✐♦♥ ❞❛♥s ❧❡ ré❣✐♠❡ ✐♥t❡r♠é❞✐❛✐r❡ 0.1 > σ > σc ♥✬❡st ♣❛s très ❝❧❛✐r❡✳ ▲❡s
s✐♠✉❧❛t✐♦♥s ✐♥❞✐q✉❡♥t q✉❡ ❧❛ t❛✐❧❧❡ ❞✉ ♣✐❡❞ ✭ré❣✐♦♥ t✉r❜✉❧❡♥t❡✮ rétré❝✐t à ♠❛❣♥ét✐s❛t✐♦♥
❝r♦✐ss❛♥t❡ ❡t ❧❡s ♣❛rt✐❝✉❧❡s s♦♥t ❛❝❝é❧éré❡s ❛✉① é♥❡r❣✐❡s ♣❧✉s ❜❛ss❡s ✭s✉✐✈❛♥t ❧❛ ❧♦✐ γsat ∝
σ−1/4✮✳ ▲❡s ❞✐✛ér❡♥t❡s str✉❝t✉r❡s ❞✉ ❝❤♦❝ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ♣♦✉r ❧❡ ♣❧❛s♠❛
e− − p s♦♥t ✐❧❧✉strés ❞❛♥s ❧❛ ❋✐❣✉r❡ ✺✳✼✱ ✭✜❣✉r❡ ✶✵ ❞❡ ❧✬❛rt✐❝❧❡✮✳
❉✐s❝✉t♦♥s ❜r✐è✈❡♠❡♥t ❝❡s rés✉❧t❛ts✳ ▲❛ s❛t✉r❛t✐♦♥ ❡♥ é♥❡r❣✐❡✱ ♦❜t❡♥✉❡ ♣❛r ❧❡s ❛✉t❡✉rs✱
γsat ∝ γinjσ−1/4 ❡st ❡♥ ❞és❛❝❝♦r❞ ❛✈❡❝ ❧✬❡st✐♠❛t✐♦♥✱ ❞ér✐✈é❡ ❞❛♥s ❧❡s ét✉❞❡s ❞❡ tr❛♥s♣♦rt
❞❛♥s ❝❡tt❡ t❤ès❡ ✭❬✸✻❪ ❡t ❝❤❛♣✐tr❡ ✸✮ ♦ù ❧❛ ❧✐♠✐t❡ ❡st ✐♠♣♦sé❡ ♣❛r ❧✬✐♥❝❛♣❛❝✐té ❞❡s ♣❛rt✐❝✉❧❡s
à ❞✐✛✉s❡r ❡✣❝❛❝❡♠❡♥t ❡♥ tr❛✈❡rs ❧❡s ❧✐❣♥❡s ❞✉ ❝❤❛♠♣ ♠♦②❡♥ ✿ ǫsat ≃ eℓcδB2/B0 ∝ σ−1/2✳
❈❍❆P■❚❘❊ ✺✳ ❈❖❉❊❙ P■❈ ❊❚ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ✶✵✼
❈❡tt❡ ❧✐♠✐t❡ ❡st ✐♥tr✐♥sèq✉❡ ❛✉ ♣r♦❝❡ss✉s ❞❡ tr❛♥s♣♦rt ❡t s✬❛✈èr❡ ♠♦✐♥s r❡str✐❝t✐✈❡ q✉❡ ❧❛
❧✐♠✐t❡ ♣❛r ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ré❣✐♦♥ t✉r❜✉❧❡♥t❡✱ ❞✉ ♠♦✐♥s ❡♥ ré❣✐♠❡ ❞❡s ♠❛❣♥ét✐s❛t✐♦♥s ét✉❞✐é❡s
σ ≥ 10−5✳ ❈❡s ♠❛❣♥ét✐s❛t✐♦♥s s♦♥t ✐♥t❡r♠é❞✐❛✐r❡s ❡t ✐❧ ❡st ♣r♦❜❛❜❧❡ q✉❡ σ ∼ 10−5 s❡
s✐t✉❡ ❥✉st❡ à ❧❛ ❧✐♠✐t❡ ♦ù ❧❛ t✉r❜✉❧❡♥❝❡ ❞❡ ❲❡✐❜❡❧✲✜❧❡♠❡♥t❛t✐♦♥ s❡ ❞é✈❡❧♦♣♣❡ ♣❧❡✐♥❡♠❡♥t✱
❧❡ ❝r✐tèr❡ ét❛♥t σ < ξcr/γ2sh ≃ 10−5 ❬✸✸❪✳ P❛r ❡①❡♠♣❧❡ à ♠❛❣♥ét✐s❛t✐♦♥ ♥✉❧❧❡ ✐❧ ♥✬② ❛ ♣❛s
❞❡ ❧✐♠✐t❡ à ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡✱ ✈✉❡ ❞❛♥s ❧❡✉rs s✐♠✉❧❛t✐♦♥s✳ ▲❛ q✉❡st✐♦♥ ❡st ❞❡ s❛✈♦✐r s✐
❧❛ ❧✐♠✐t❛t✐♦♥ ❡♥ σ ∝−1/4 ♣❡rs✐st❡ ❛✉① ♠❛❣♥ét✐s❛t✐♦♥s ♣❧✉s ❜❛ss❡s✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡
ré❣✐♠❡ ❞❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ✐♥t❡r♠é❞✐❛✐r❡ 10−5 < σ ≤ 0.1 ✐❧ ❡st ♣❧✉s ♣r♦❜❛❜❧❡ q✉❡ ❝❡
♥✬❡st ♣❛s ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥ q✉✐ str✉❝t✉r❡ ❧❡ ❝❤♦❝ ♠❛✐s ✉♥ ❢♦rt ❝♦✉r❛♥t
tr❛♥s✈❡rs❡ à ❧❛ ♥♦r♠❛❧❡ ❡t ❛✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡✳ ❈❡ ❝♦✉r❛♥t ❡st ❡♥❝❧❡♥❝❤é ♣❛r ❧❛
❣✐r❛t✐♦♥ ❞❛♥s ❧❡s s❡♥s ♦♣♣♦sés ❞❡s ♣❛rt✐❝✉❧❡s ré✢é❝❤✐❡s s✉r ❧❡ ❢r♦♥t✱ s✉✐✈❛♥t s✐ ❧❛ ❝❤❛r❣❡ ❡st
♣♦s✐t✐✈❡ ♦ù ♥é❣❛t✐✈❡✳ ❯♥ t❡❧ ❝♦✉r❛♥t ♥❡ ♣❡✉t êtr❡ ❞é❝❧❡♥❝❤é q✉❡ s✐ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
❡①t❡r♥❡ ❡st ♣rés❡♥t ❡t ❡st ❛ss❡③ ❢♦rt✱ s✐ s♦♥ ✐♥t❡♥s✐té ❡st tr♦♣ ❢❛✐❜❧❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧✲
✜❧❛♠❡♥t❛t✐♦♥ s❡ ❞é✈❡❧♦♣♣❡ ❛✈❛♥t s❛ ♠✐s❡ ❡♥ ♣❧❛❝❡✳ ▲❡ ❞✐❛❣♥♦st✐❝ ❞❡s ❝♦✉r❛♥ts ♥✬❛ ♣❛s été
❡✛❡❝t✉é ♣❛r ❧❡s ❛✉t❡✉rs ❞✉ tr❛✈❛✐❧ ❡t s❛ ♣rés❡♥❝❡ r❡st❡ à ❝♦♥✜r♠❡r✱ ♠ê♠❡ s✬✐❧ ❡st ❛tt❡♥❞✉
❞✬❛♣rès ❧❡s ❛r❣✉♠❡♥ts ♣❤②s✐q✉❡s✳ ▲✬✐♥✈❡st✐❣❛t✐♦♥ t❤é♦r✐q✉❡ ♣❧✉s ❞ét❛✐❧❧é❡ ❞❡ ❝❡ ♣♦✐♥t s❡r❛
♣rés❡♥té❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✼ ❞❡ ❧❛ t❤ès❡✳
❇r❡t ❡t ❛❧✳ ✷✵✶✸ ❬✷✾❪ ✿ ➱t✉❞✐❡♥t ❧❡ ♣r♦❝❡ss✉s ❞❡ ❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ❞❛♥s
✉♥ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s à ♠❛❣♥ét✐s❛t✐♦♥ ♥✉❧❧❡✳ ▲❛ t❤é♦r✐❡ ❛♥❛❧②t✐q✉❡ ❡st ❛♣♣✉②é❡ ♣❛r ❞❡
s✐♠✉❧❛t✐♦♥s P■❈ ✷❉ ❞é❞✐é❡s✳ ▲✬✐♠♣♦rt❛♥t❡ q✉❡st✐♦♥ ❞❡ ✢✉❝t✉❛t✐♦♥s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s
❞✉ ♣❧❛s♠❛ à ♣❛rt✐r ❞✉q✉❡❧ ❧✬✐♥st❛❜✐❧✐té ❛♠♣❧✐✜❡ ❧❡ ❝❤❛♠♣ ❛✐♥s✐ q✉❡ s❛ r❡♣rés❡♥t❛t✐♦♥ ❛✈❡❝
❧❡s ❝♦❞❡s P■❈✱ ② s♦♥t ❛❜♦r❞é❡s✳ ❉❛♥s ❧❡ ❝❛s ♣❛r❢❛✐t❡♠❡♥t s②♠étr✐q✉❡ ❞❡ ❞❡✉① ❢❛✐s❝❡❛✉① ❞❡
♠ê♠❡ ❞❡♥s✐té ❡t ✈✐t❡ss❡ ❡♥ ❝♦❧❧✐s✐♦♥ ✭ ❛✈❡❝ γinj ≫ 1✮✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❝❤♦❝ ❡st ❣♦✉✈❡r♥é❡
♣❛r ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥✳ ▲❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❞❡s ✢✉❝t✉❛t✐♦♥s ❡t ❧❡✉r
s❛t✉r❛t✐♦♥ ❧♦rs ❞❡ ❧❛ ❝♦❧❧✐s✐♦♥ ❝♦rr❡s♣♦♥❞❡♥t très ❜✐❡♥ à ❝❡❧✉✐ ❞❡ ❧✬✐♥st❛❜✐❧✐té✳ ▲❡ ❝❤♦❝ s❡
❢♦r♠❡ ❛♣rès q✉❡❧q✉❡s t❡♠♣s ❞✬❡①♣♦♥❡♥t✐❛t✐♦♥ ❞❡ ❧✬✐♥st❛❜✐❧✐té✳
P♦✉r t❡r♠✐♥❡r ❝❡tt❡ r❡✈✉❡✱ r❡❣r♦✉♣♦♥s ❧❡s ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s ❞❡s s✐♠✉❧❛t✐♦♥s ✷❉
❞❛♥s ❧❡ t❛❜❧❡❛✉ s✉✐✈❛♥t ✿
✶✵✽ ✺✳✸✳ ❘❊▼❆❘◗❯❊❙ ●➱◆➱❘❆▲❊❙
❆✉t❡✉r✭s✮ mi/me L‖ × L⊥ Np n0 ✸ γinj Tsim
✭❡♥ δe × δe✮ ✭❡♥ ω−1pe ✮
❑❛t♦ ✷✵✵✼ ❬✷✷❪ ✶ 480× 60 6 · 108 ✷✳✷✹ ✸✺✵
❈❤❛♥❣ ✰ ✷✵✵✽ ❬✶✵❪ ✶ 5000× 205 ✻✹ ✶✺ ✺✸✵✵
❙♣✐t❦♦✈s❦② ✷✵✵✽❛ ❬✷✸❪ ≤ ✶✵✵✵ 400× 104 ✷ ✶✺ 104
❙♣✐t❦♦✈s❦② ✷✵✵✽❜ ❬✷✹❪ ✶ 104 × 400 ✽ ✶✺ 104
❉✐❡❝❦♠❛♥♥ ✰ ✷✵✵✽ ❬✶✽❪ ✹✵✵ 714× 11 ✻✹ ✷✳✸ ✷✵✾
❑❡s❤❡t ✰ ✷✵✵✾ ❬✷✺❪ ✶ 6300× 402 2 · 1010 ✽ ✶✺ 1.2 · 104
▼❛rt✐♥s ✰ ✷✵✵✾ ❬✷✻❪ ✸✷ 1600× 280 ✷ ✷✵ ✷✽✵✵
❙✐r♦♥✐ ✫ ❙♣✐t✳ ✷✵✵✾ ❬✶✶❪ ✶ 5000× 100 ≥ 108 ✷ ✶✺ ✾✵✵✵
❙✐r♦♥✐ ✫ ❙♣✐t✳ ✷✵✶✶ ❬✷✼❪ ✶✻✱≤ ✶✵✵✵ 40000× 100 ∼ 109 ✷ [15, 1000] ✷✵✷✺✵
❍❛✉❣❜ø❧❧❡ ✷✵✶✶ ❬✶✸❪ ✶✻ 1000× 70 ✶✺ ✷✷✺✵
❍❛✉❣❜ø❧❧❡ ✰ ✷✵✶✸ ❬✶✷❪ ✶ ❄ 5 · 109 ✶✷ ✶✵ ✺✵✵✵
❙✐r♦♥✐ ✰ ✷✵✶✸ ❬✷✽❪ ✶ ✫ ✷✺✱ ≤ ✶✻✵✵ 18000× 128 ∼ 109 ✷ [3,15, 240] 1.5 · 104
❇r❡t ✰ ✷✵✶✸ ❬✷✾❪ ✶ ✶✷✺×✺ ✽ [25, 104]
▲❛ ❝♦♥✈❡♥t✐♦♥ r❡❧❛t✐✈✐st❡ ♣♦✉r ωpe ❡t δe = c/ωpe ❡st ❛❞♦♣té❡ ✐❝✐✱ ✐✳❡✳ ωpe =
√
4πn0e2/(γinjme)✳
❊t ❧❡s ♣❛r❛♠ètr❡s ❞❡s s✐♠✉❧❛t✐♦♥s ✸❉✱ ♣♦✉r ❧❡✉r ♣❛rt ✿
❆✉t❡✉r✭s✮ mi/me L‖ × L⊥ Np n0 γinj Tsim
✭❡♥ δe × δe✮ ✭❡♥ ω−1pe ✮
◆✐s❤✐❦❛✇❛ ❡t ❛❧✳ ✷✵✵✸ ❬✶✾❪ ✷✵ 15× 8 ≤ 108 ✷✼ ✺ ✷✸✳✹
❋r❡❞❡r✐❦s❡♥ ✰ ✷✵✵✹ ❬✷✵❪ ✶✻ 160× 40 8 · 108 ✷✺ ✸ ✹✽✵
❍❡❞❡❞❛❧ ✰ ✷✵✵✹ ❬✷✶❪ ✶✻ 600× 37.5 8 · 108 ✶✺ ✶✸✻✵
❙♣✐t❦♦✈s❦② ✷✵✵✺ ❬✾❪ ✶ 200× 40 ∼ 109 ✶✺ ≥ 100
❙✐r♦♥✐ ✫ ❙♣✐t✳ ✷✵✵✾ ❬✶✶❪ ✶ 5000× 6.4 ✷ ✶✺ ✾✵✵✵
❍❛✉❣❜ø❧❧❡ ✷✵✶✶ ❬✶✸❪ ✶✻ 500× 18 1.6 · 1010 ✻ ✶✺ ✷✷✺✵
❙✐r♦♥✐ ✰ ✷✵✶✸ ❬✷✽❪ ✶✱✷✺ 2250× 64 ✹ ≤ 1010 ✶ ✶✺ ✸✵✵✵
✺✳✸ ❘❡♠❛rq✉❡s ❣é♥ér❛❧❡s
❊♥ ♣r❡♠✐❡r ❧✐❡✉ r❡❝♦♥s✐❞ér♦♥s ❧❡s ✈❛❧❡✉rs ❞❡s t❛❜❧❡❛✉①✱ ❞♦♥♥é❡s ♣❧✉s ❤❛✉t✱ ♠❛✐s ❡♥
✉♥✐tés ♥✉♠ér✐q✉❡s✳ ❯♥❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❝❤♦❝ ❡♥ ✷❉ r❡q✉✐❡rt ✉♥❡ ❜♦✐t❡ ❞❡ ❞✐♠❡♥s✐♦♥ Nx ×
Ny = 400000×1024 ♣♦✐♥ts ❣r✐❧❧❡ ❛✈❡❝ ❛✉ ♠♦✐♥s ✶ ♣❛rt✐❝✉❧❡ ♣❛r ❣r✐❧❧❡ ♣❛r ❡s♣è❝❡ ❡t é✈♦❧✉é❡
s✉r ❛✉ ♠♦✐♥s 105 ♣❛s ❞❡ t❡♠♣s✳ ❊♥ s✉♣♣♦s❛♥t q✉❡ ❧❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧ ♣❛r ♣❛rt✐❝✉❧❡ s✉r
✉♥ ♣r♦❝❡ss❡✉r ❡st ❞❡ 1µs❡❝✱ ❛❧♦rs ✐❧ ❢❛✉❞r❛ 26 ❛♥s ❞❡ ❝❛❧❝✉❧ s✉r ✉♥ ♣r♦❝❡ss❡✉r ❡t✱ ❡♥
s❛✉✈❡❣❛r❞❛♥t à ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s✱ ❝❡❧❛ ❞❡♠❛♥❞❡r❛✐t ∼ 600 ❚❡r❛ ❖❝t❡ts ❞❡ ♠é♠♦✐r❡✳
✳ ✳ ✳ ❉✬♦ù ❧❡ ❢❛✐t q✉❡ ❞❡s s❡r✈❡✉rs ❞❡ ❝❛❧❝✉❧ ✐♥t❡♥s✐❢ s♦♥t r❡q✉✐s ♣♦✉r ❝❡ ❣❡♥r❡ ❞❡ tâ❝❤❡s ❡t
✉♥❡ s❛✉✈❡❣❛r❞❡ ✐♥❝♦♠♣❧èt❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❝❡ q✉✐ ❡st ❧❡ ❝❛s ❞❡ t♦✉s ❧❡s tr❛✈❛✉① ♣rés❡♥tés
❞❛♥s ❧❛ s❡❝t✐♦♥ ♣ré❝é❞❡♥t❡✳
P❛ss♦♥s ❛✉ r❡♠❛rq✉❡s ❞✬♦r❞r❡ ♣❤②s✐q✉❡✳ ▲❡s s✐♠✉❧❛t✐♦♥s✱ ❞❛♥s ❧❛ ❣❧♦❜❛❧✐té✱ s♦♥t très
♣❡t✐t❡s s✐ ♦♥ ✈❡✉t ❡①tr❛♣♦❧❡r ❞✐r❡❝t❡♠❡♥t ❧❡✉r rés✉❧t❛t ❡♥ ♦❜s❡r✈❛❜❧❡ ❛str♦♣❤②s✐q✉❡✳ P❛r
❡①❡♠♣❧❡✱ ❧❡s ♣❧✉s ❧♦♥❣✉❡s ✈♦♥t ❥✉sq✉❡ ∼ 104ω−1pe ✳ ❈❡ q✉✐ ❢❛✐t 10−3 ❢♦✐s ❧❡ t❡♠♣s ❞②♥❛♠✐q✉❡
❞✬✉♥ ❙●✳ ▲❛ t❛✐❧❧❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡s s✐♠✉❧❛t✐♦♥s ❡st ∼ 103δe✱ ét❛♥t 108 ❢♦✐s ♣❧✉s ♣❡t✐t q✉❡
❈❍❆P■❚❘❊ ✺✳ ❈❖❉❊❙ P■❈ ❊❚ ❈❍❖❈❙ ❘❊▲❆❚■❱■❙❚❊❙ ✶✵✾
❧❛ ré❣✐♦♥ ❡♥❣❧♦❜é❡ ♣❛r ❧❡ s✉rs❛✉t✳ ❈✬❡st ❡♥❝♦r❡ ♣❧✉s ❞r❛st✐q✉❡ ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s ❡♥✲
✈✐r♦♥♥❡♠❡♥ts ❛str♦♣❤②s✐q✉❡s✳ ▲❡ t❡r♠❡ ✏♠✐❝r♦♣❤②s✐q✉❡ ❞❡s ❝❤♦❝s✑ ❡st t♦✉t à ❢❛✐t ❛❞❛♣té❡
à ❝❡s ✐♥✈❡st✐❣❛t✐♦♥s✳ ❈♦♠♠❡ ✐❧ ❛ été s♦✉❧✐❣♥é ♣❛r ❇②❦♦✈ ✫ ❚r❡✉♠❛♥♥ ❬✸✼❪✱ ❧✬❡①tr❛♣♦❧❛t✐♦♥
❛✉① é❝❤❡❧❧❡s ❛str♦♣❤②s✐q✉❡s ❡st ❞é❧✐❝❛t❡ ❡t ❞♦✐t êtr❡ ♣r✐s❡ ❛✈❡❝ ♣ré❝❛✉t✐♦♥✳ P❛r ❡①❡♠♣❧❡✱
❧✬❡①tr❛❝t✐♦♥ ❞✉ r❛②♦♥♥❡♠❡♥t ❞✐r❡❝t❡♠❡♥t à ♣❛rt✐r ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ♠❛❝r♦✲♣❛rt✐❝✉❧❡s
✭❡✳❣✳ t❤ès❡ ❞❡ ❍❡❞❡❞❛❧ ❬✷✶❪✮ ♣❡✉t êtr❡ ♣❤②s✐q✉❡♠❡♥t ❞é❧✐❝❛t❡✱ ♣✉✐sq✉✬✉♥❡ ♠❛❝r♦✲♣❛rt✐❝✉❧❡
❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ r❡♣rés❡♥t❡ ♣❧✉s ❞❡ 106 ♣❛rt✐❝✉❧❡s ré❡❧❧❡s✱ ✐✳❡✳ ✉♥❡ s♣❤èr❡ ❞❡ ❉❡❜②❡✳ ▲❡s
♣❛rt✐❝✉❧❡s r❛②♦♥♥❡♥t ✉♥❡ ♣❛r ✉♥❡ ❡t ❧❛ ❞②♥❛♠✐q✉❡ ✐♥t❡r♥❡ à ❧❛ s♣❤èr❡ ❞❡ ❉❡❜②❡ ♥✬❡st ♣❛s
rés♦❧✉❡✳
▼❛❧❣ré ❝❡s ❝r✐t✐q✉❡s✱ ❝❡s s✐♠✉❧❛t✐♦♥s ♦♥t ❞é❣❛❣é ✉♥ ❡♥s❡♠❜❧❡ ❞❡ rés✉❧t❛ts ✐♠♣♦rt❛♥ts
❞❛♥s ❧❛ ♣❤②s✐q✉❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ✿
✕ ▲❡s ❝❤♦❝s ♥♦♥✲♠❛❣♥ét✐sés s♦♥t ❞❡s ❛❝❝é❧ér❛t❡✉rs ❡✣❝❛❝❡s ❞❡ ♣❛rt✐❝✉❧❡s ✭♣❧❛s♠❛ ❞❡
♣❛✐r❡s ❡t é❧❡❝tr♦♥s ✲ ✐♦♥s✮✳ ▲✬✐♥st❛❜✐❧✐té ❞❡ ✜❧❛♠❡♥t❛t✐♦♥ ♣❡r♠❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡
❝❤♦❝✱ ❣é♥ér❛t✐♦♥ ❞✬✉♥❡ t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡ ✐♥t❡♥s❡ ξB ≥ 0.01 ❡t ❧❛ ❢r❛❝t✐♦♥
❞✬é♥❡r❣✐❡✱ tr❛♥s♠✐s❡ ❛✉① ♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s ❡st ≥ 10✪✳ ▲❡ ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛✲
t✐♦♥ ❝❡❧✉✐ ❞❡ ❋❡r♠✐ ■ ✭❉❙❆✮✳ ▲✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉
❝❤♦q✉é✱ à ❧♦♥❣ t❡r♠❡✱ ❡st ✉♥❡ q✉❡st✐♦♥ ♥♦♥✲rés♦❧✉❡✳
✕ ❉❛♥s ❧❡s ❝❤♦❝s ❢♦rt❡♠❡♥t ♠❛❣♥ét✐sés ✉♥❡ ❞✐st✐♥❝t✐♦♥ ❡♥ ❞❡✉① ❝❛té❣♦r✐❡s s✬✐♠♣♦s❡ ✿
❝❤♦❝s s✉❜✲❧✉♠✐♥✐q✉❡s ✭θB ≤ 34◦/γsh✮ ❡t s✉♣❡r❧✉♠✐♥✐q✉❡s✳ ❉❛♥s ❧❡s ❝❤♦❝s s✉❜✲
❧✉♠✐♥✐q✉❡s ❧❡s ♣❛rt✐❝✉❧❡s ♣❡✉✈❡♥t r❡t♦✉r♥❡r ❞✉ ♠✐❧✐❡✉ ❝❤♦q✉é ✈❡rs ❧✬❛♠♦♥t ❡♥ s✉✐✲
✈❛♥t ❧❡s ❧✐❣♥❡s ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ✉♥❡ ✐♥st❛❜✐❧✐té ♥♦♥✲rés♦♥♥❛♥t❡ ❡♥tr❡ ❧❡s
❘❛②♦♥s ❈♦s♠✐q✉❡s ❡t ♣❧❛s♠❛ ❛♠♦♥t ♣❡r♠❡t ❛✉① ♣❛rt✐❝✉❧❡s ❞✬êtr❡ ❞✐✛✉sé❡s✳ ▲❡
♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐ ❡♥ ❡st ♥❛t✉r❡❧❧❡♠❡♥t ❢❛❝✐❧✐té ❡t ✉♥ ❢♦rt ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝
s❡ ❢♦r♠❡✱ ❧❛ ♣r❡ss✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❛❝❝é❧éré❡s ♣❡✉t ❛✉ss✐ ❝♦♥❞✉✐r❡ ❛✉ ♣r♦❝❡ss✉s
❞✬❛✉t♦✲r❡❢♦r♠❛t✐♦♥ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✳
❉❛♥s ❧❡ ❝❛s ❞❡s ❝❤♦❝s s✉♣❡r✲❧✉♠✐♥✐q✉❡s ❧❡ ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥ ❡st ❜❧♦q✉é ♣❛r
❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ ❡t ❧✬ét❡♥❞✉❡ ❞✉ ♣ré❝✉rs❡✉r tr♦♣ ♣❡t✐t❡✳ ❉✬❛✉tr❡ ♣❛rt✱
❧✬é♠✐ss✐♦♥ ❞✬✉♥❡ ♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ♣❛r ❧❡ ❢r♦♥t ✭♠♦❞❡ ❡①tr❛✲♦r❞✐♥❛✐r❡✮ ♣❡r♠❡t
❛✉① é❧❡❝tr♦♥s ❞✬êtr❡ ❝❤❛✉✛é❡s à ❧✬éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ✐♦♥s✳
✕ ❆ ♠❛❣♥ét✐s❛t✐♦♥ ♠♦②❡♥♥❡✱ σcrit < σ < 0.1✱ ❧✬✐♥st❛❜✐❧✐té ✭❞♦♥t ❧❛ ♥❛t✉r❡ ❡st à ♣ré❝✐✲
s❡r✮ s❡♠❜❧❡ s❡ ❞é✈❡❧♦♣♣❡r ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝✱ ♠❛✐s s❛ t❛✐❧❧❡ ❡st très ❧✐♠✐té❡
♣❛r ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡✳ ■❧ ❡♥ rés✉❧t❡ q✉❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❡st
❧✐♠✐té❡ à ✉♥❡ é♥❡r❣✐❡ ♠❛①✐♠❛❧❡✱ ❝♦♥tr❛✐♥t❡ ♣❛r ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ré❣✐♦♥ t✉r❜✉❧❡♥t❡✳
✕ ▲❡ ❝❛❞r❡ ❞❡ ✜❣✉r❡ ❡st ♣❧✉s ❝♦♠♣❧✐q✉é ❞❛♥s ❧❡s ❝❤♦❝s ♠♦❞éré♠❡♥t r❡❧❛t✐✈✐st❡s✱ γsh ≥
1✳
✶✶✵ ✺✳✹✳ ❆PP❘❖❈❍❊ ❉❆◆❙ ❈❊❚❚❊ ❚❍➮❙❊
✺✳✹ ❆♣♣r♦❝❤❡ ❞❛♥s ❝❡tt❡ t❤ès❡
❉❛♥s ❝❡tt❡ t❤ès❡✱ ❥❡ ♠❡ s✉✐s r❡str❡✐♥t à ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ❝♦❞❡ P■❈ ✶❉ ♣s❡✉❞♦✲s♣❡❝tr❛❧
❞♦♥t ❧❛ ❞❡s❝r✐♣t✐♦♥ ❡st ❞♦♥♥é❡ ❞❛♥s ❧✬❛♥♥❡①❡ ❇✳ ❈❡❧❛ ♣❡r♠❡t ❞✬ét✉❞✐❡r ❡♥ ❞ét❛✐❧ ❞❡s ♣r♦✲
❝❡ss✉s ♣❧❛s♠❛ ❧♦♥❣✐t✉❞✐♥❛✉① ❞❛♥s ❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝✱ ❡♥ ♥é❣❧✐❣❡❛♥t t♦✉t❡ ✈❛r✐❛t✐♦♥ tr❛♥s✲
✈❡rs❡✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ♥♦✉s ❛ ❡♠♠❡♥é à r❡❝♦♥s✐❞ér❡r ❝❡rt❛✐♥❡s q✉❡st✐♦♥s ❞❡ ❧❛ ♣❤②s✐q✉❡
❞❡s ❝❤♦❝s ♥♦♥✲❝♦❧❧✐s✐♦♥♥❡❧s ❡♥ ♣❛rt❛♥t ❞✉ ré❣✐♠❡ ♥♦♥✲r❡❧❛t✐✈✐st❡ ❡t t❡♥❞❛♥t ❣r❛❞✉❡❧❧❡♠❡♥t
✈❡rs ❧❡ ré❣✐♠❡ r❡❧❛t✐✈✐st❡✳
▲❛ tr❛♥s✐t✐♦♥ ❞✉ ré❣✐♠❡ ♥♦♥✲r❡❧❛t✐✈✐st❡ ❛✉ ré❣✐♠❡ ✉❧tr❛✲r❡❧❛t✐✈✐st❡ ✭✐✳❡✳ ré❣✐♠❡ ♠♦②❡♥✲
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❉
❛♥s ❝❡ ❝❤❛♣✐tr❡ ❧❡s s✐♠✉❧❛t✐♦♥s P■❈ ❞❡s ❝❤♦❝s ❞❛♥s ✉♥ ♣❧❛s♠❛✱ ❝♦♠♣♦sé ❞✬é❧❡❝tr♦♥s
❡t ✐♦♥s✱ s♦♥t ♣rés❡♥té❡s✳ ❊♥ ❝♦♥tr❛st❡ ♣❛r r❛♣♣♦rt à ❧❛ ♣❧✉♣❛rt ❞❡s ét✉❞❡s ré❝❡♥t❡s✱
♠✉❧t✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡s✱ ♥♦✉s r❡✈❡♥♦♥s à ✉♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ✉♥✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡✳ ❈❡tt❡ ❛♣✲
♣r♦①✐♠❛t✐♦♥ ✐♠♣❧✐q✉❡ q✉❡ s❡✉❧❡s ❧❡s ✈❛r✐❛t✐♦♥s ❞❡s q✉❛♥t✐tés ♣❤②s✐q✉❡s ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❞✐r❡❝✲
t✐♦♥ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞✉ ❝❤♦❝ ✭♥♦r♠❛❧❡ ❛✉ ❢r♦♥t✮ s❡r♦♥t s✉✐✈✐❡s✳ ❖♥ s✉♣♣♦s❡ ✐♠♣❧✐❝✐t❡♠❡♥t
q✉❡ ❧❡ ❢r♦♥t ❞✉ ❝❤♦❝ ❡st ♣❛r❢❛✐t❡♠❡♥t ♣❧❛♥❛✐r❡ ❡t q✉❡ t♦✉t❡ q✉❛♥t✐té ♣❤②s✐q✉❡ ❡st ✐♥✈❛✲
r✐❛♥t❡ ❧❡ ❧♦♥❣ ❞✉ ♣❧❛♥ tr❛♥s✈❡rs❡✳ ▲❡s ♣r♦❝❡ss✉s ❧♦♥❣✐t✉❞✐♥❛✉① ❞❡ ✈❛r✐❛t✐♦♥ ❞❡ ♣r❡ss✐♦♥✱
❞❡♥s✐té✱ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡t ❞❡s ✐♥st❛❜✐❧✐tés ❧♦♥❣✐t✉❞✐♥❛❧❡s s❡r♦♥t ♣r✐s❡s ❡♥ ❝♦♠♣t❡ ❞❡
♠❛♥✐❡r❡ ❛✉t♦✲❝♦♥s✐st❛♥t❡✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ✶❉ s✬❡st ré✈é❧é❡ ❢r✉❝t✉❡✉s❡ ❞❛♥s ❧✬❛♥❛❧②s❡ ❞❡s
❝❤♦❝s ♥♦♥✲r❡❧❛t✐✈✐st❡s ❡♥ ♣❛rt❛♥t ❞❡s ♥♦♠❜r❡s ❞❡ ▼❛❝❤ ❛❧❢❡♥✐q✉❡s ♠♦❞érés ❛✉① ❝❤♦❝s
s✉♣❡r✲❝r✐t✐q✉❡s ✭MA ≫ 1✮ ❀ ❡✳❣✳ ❧❡s tr❛✈❛✉① ❬✶✕✻❪✳
❯♥ ❛✉tr❡ ✐♠♣❛❝t ❞❡ ❝❡tt❡ ❛♣♣r♦❝❤❡ ❡st ❧❛ ♣♦ss✐❜✐❧✐té ❞✬✐♥❝❧✉r❡ ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
❡①t❡r♥❡ ♥♦♥✲♥✉❧✳ ❙✐♥♦♥ ♦♥ ♥❡ ♣❡✉t ❢♦r♠❡r ❞❡s ❝❤♦❝s à ♥♦♠❜r❡ ❞❡ ▼❛❝❤ très ❣r❛♥❞✱ ré❣✐♠❡
q✉❡ ♥♦✉s ét✉❞✐♦♥s✳ ❊♥ ❧✬❛❜s❡♥❝❡ ❞✬❡✛❡ts ♠✉❧t✐✲❞✐♠❡♥s✐♦♥♥❡❧s ❧❡ ❝❤♦❝ ❞❡✈r❛ êtr❡ ♣✉r❡♠❡♥t
é❧❡❝tr♦st❛t✐q✉❡ ❡t ✐❧ ❡①✐st❡ ✉♥❡ ✈❛❧❡✉r ❧✐♠✐t❡ ❛ss❡③ ❜❛ss❡ ❞✬❡①✐st❡♥❝❡ ❞❡ ❝❤♦❝s é❧❡❝tr♦st❛✲
t✐q✉❡s ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞✬é❧❡❝tr♦♥s✲✐♦♥s ✭Mcrit ≃ 2.3✱ ✈♦✐r ❡✳❣✳ ❬✼❪✮✳ ■❝✐✱ ♥♦✉s ❛❞♦♣t♦♥s ❞♦♥❝
✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❞✬✐♥t❡♥s✐té ❝♦♥trô❧❛❜❧❡ ♣❛r ❧✬✉t✐❧✐s❛t❡✉r✳
▲✬✐♥térêt ❞❡ ♥♦tr❡ ét✉❞❡ ❡st ❞❛♥s ❧❛ tr❛♥s✐t✐♦♥ ❞✉ ré❣✐♠❡ ♥♦♥✲r❡❧❛t✐✈✐st❡ ✈❡rs ✉♥ ré❣✐♠❡
r❡❧❛t✐✈✐st❡ ❞❡s ❝❤♦❝s ♣❡r♣❡♥❞✐❝✉❧❛✐r❡s ♥♦♥✲❝♦❧❧✐s✐♦♥♥❡❧s✱ ❡♥ t❡♥❛♥t ❝♦♠t❡ ❞❡ ❧❛ ♠❛❣♥ét✐✲
s❛t✐♦♥ ❞✉ ♣❧❛s♠❛✳
✶✶✸
✶✶✹ ✻✳✷✳ ❈❍❖❈❙ P❆❘ ❉■❋❋➱❘❊◆❚❊❙ ▼➱❚❍❖❉❊❙
❋✐❣✳ ✻✳✶✿ ❈❤♦❝ ❝réé ♣❛r ❧❛ ♠ét❤♦❞❡ ❞✉ ♣✐st♦♥ ♠❛❣♥ét✐q✉❡ ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞✬é❧❡❝tr♦♥s
✭♣♦✐♥ts ♥♦✐rs✮ ❡t ✐♦♥s ✭♣♦✐♥ts ❜❧❡✉s✮✳ ▲✬❡s♣❛❝❡ ❞❡s ♣❤❛s❡s X − Px ❡st ♣rés❡♥té ✐❝✐ ♣♦✉r
✉♥ ❝❤♦❝ ❛✈❡❝ MA = 3 ❡t vsh/c = 0.15 ✭r❛♣♣♦rt ❞❡ ♠❛ss❡ mi/me = 100✱ ωpe/ωce = 2✱
♣❛r❛♠ètr❡ ❞✉ ♣❧❛s♠❛ β = 0.022✮✳ ❖♥ ❞✐st✐♥❣✉❡ ❧✬❛♠♦♥t ❞✉ ❝❤♦❝ à ❞r♦✐t❡✱ ❧❡ ❢r♦♥t ❞✉
❝❤♦❝ ❡st ❞é❧✐♠✐té ♣❛r ❧❡s ❧✐❣♥❡s ♣♦✐♥t✐❧❧é❡s ✭❧❛ r❛♠♣❡ ❡t ❧❡ ♣✐❡❞✮ ❡t ❧❡ ♣❧❛s♠❛ ❛✈❛❧ ❞❛♥s ❧❛
♣❛rt✐❡ ❣❛✉❝❤❡ ❞❡ ❧❛ ❜♦ît❡✳ ▲❡ ❝❤♦❝ ♦❜t❡♥✉ ✈ér✐✜❡ ♥❛t✉r❡❧❧❡♠❡♥t ❛✉① ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t ❡♥
❞❡♥s✐té✱ t❡♠♣ér❛t✉r❡ ❡t ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳
✻✳✷ ❈❤♦❝s ♣❛r ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s
❉é✜♥✐ss♦♥s ❧❛ ❜♦ît❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ x ❡t ❛♥❛❧②s♦♥s ❧❛ str✉❝t✉r❡ ❞✉
❝❤♦❝ ❡♥ ❛❞♦♣t❛♥t tr♦✐s ♠ét❤♦❞❡s ♥✉♠ér✐q✉❡s ❞✐✛ér❡♥t❡s ♣♦✉r ❧❡ ❢❛❜r✐q✉❡r ✭✈♦✐r✱ ❡✳❣✳ ❬✽❪
♣♦✉r ✉♥ rés✉♠é✮✳
✻✳✷✳✶ P✐st♦♥ ♠❛❣♥ét✐q✉❡
❈❡tt❡ ♠ét❤♦❞❡✱ ✉t✐❧❡ ♣♦✉r s❛ s✐♠♣❧✐❝✐té ✭❞✐✈✐s❛♥t ❧❡ ♣❧❛s♠❛ ❡♥ ❞❡✉① ♣❛rt✐❡s ✿ r❡♠♣❧✐❡ ♣❛r
❧❡ ♣❧❛s♠❛ ❡t ♣❛rt✐❡ ✈✐❞❡✮✱ ❝♦♥s✐st❡ à ❛♣♣❧✐q✉❡r ✉♥ ❝♦✉r❛♥t Jy,0 ❡①t❡r♥❡✱ ❧♦❝❛❧✐sé ❞❛♥s ❧❛
♣❛rt✐❡ ✈✐❞❡ ❞❡ ❧❛ ❜♦ît❡ ❡♥ ❞❡❤♦rs ❞✉ ♣❧❛s♠❛ ❬✸❪✳ ❈❡ ❝♦✉r❛♥t ✐♥❞✉✐t ✉♥ ♣✉❧s❡ ❡♥ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ❞♦♥t ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❛❣✐t ❝♦♠♠❡ ✉♥ ♣✐st♦♥ s✉r ❧❡ ❜♦r❞ ❣❛✉❝❤❡ ❞✉ ♣❧❛s♠❛✳ ▲❛
❈❍❆P■❚❘❊ ✻✳ ❙■▼❯▲❆❚■❖◆❙ ✶❉ ✶✶✺
♣❛rt✐❡ ❣❛✉❝❤❡ ❞✉ ♣❧❛s♠❛ s❡ tr♦✉✈❡ ❣r❛❞✉❡❧❧❡♠❡♥t ♣♦✉ssé❡ ♣❛r ❧❡ ♣✐st♦♥✱ s❡ ♣r♦♣❛❣❡❛♥t
à ❧❛ ✈✐t❡ss❡ vp ❡t✱ s✐ ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❝❡❧✉✐✲❝✐ ❡st ❣r❛♥❞❡✱ ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝
q✉✐ s❡ sé♣❛r❡ ❞✉ ♣✐st♦♥ à ✉♥❡ ✈✐t❡ss❡ vsh ❞❡ ❧✬♦r❞r❡ ❞❡ vp✳ ▲❡ s❝❤é♠❛ ❞❡ ❝❡ ♣r♦❝❡ss✉s ❡st
❞♦♥♥é ❞❛♥s ❧✬❛♥♥❡①❡ ❇✱ ❋✐❣✳ ❇✳✷✳ ■❧ s❡ ❞ér♦✉❧❡ ❡♥ tr♦✐s ét❛♣❡s ✿ ❡♥❝❧❡♥❝❤❡♠❡♥t ❞✉ ♣✐st♦♥✱
♣♦✉ssé❡ ❞✉ ♣❧❛s♠❛ ❡t ✐♥t❡r❛❝t✐♦♥ ♥♦♥✲❧✐♥é❛✐r❡ ❛✈❡❝ ❧❡ ♣❧❛s♠❛ ❛✉ r❡♣♦s✱ ❝♦♥❞✉✐s❛♥t à ❧❛
❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝✳ ▲❡ ♣❧❛s♠❛ ❛♠♦♥t ét❛♥t ❛✉ r❡♣♦s ❞❛♥s ❝❡tt❡ ♠ét❤♦❞❡✱ ❧❡ ré❢ér❡♥t✐❡❧ ❞❡
❧❛ s✐♠✉❧❛t✐♦♥ ❡st ❞♦♥❝ ❝♦✲♠♦❜✐❧❡ ❛♠♦♥t ✭❯❘❋✮✳
❯♥❡ ❢♦✐s ❧❡ ❝❤♦❝ ❢♦r♠é ❡t s❛ ✈✐t❡ss❡ ✜①é❡✱ ❧❛ ❞②♥❛♠✐q✉❡ ❞✉ ❢r♦♥t ❞❡✈✐❡♥t ❛✉t♦✲
❝♦♥s✐st❛♥t❡ ❡t ❧❡ ♣❧❛s♠❛ ❛✈❛❧ s✬❛❞❛♣t❡ ❣r❛❞✉❡❧❧❡♠❡♥t ❛✉① ❧♦✐s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ✭❝♦♥❞✐t✐♦♥s
❞❡ ❘❛♥❦✐♥❡✲❍✉❣❡♥✐♦t✮ ♣❛r ❧❡ ❥❡✉ ♠✉t✉❡❧ ❡♥tr❡ ❧❡s ♣❛rt✐❝✉❧❡s ❡t ❝❤❛♠♣s✳ ❉❛♥s ❧❛ ✜❣✉r❡
✻✳✶✱ ❧✬❡s♣❛❝❡ ❞❡ ♣❤❛s❡s X − Px ❡st r❡♣rés❡♥té ♣♦✉r ✉♥ ❝❤♦❝ ❛✈❡❝ MA = 3 ❡t vsh/c = 0.15
✭r❛♣♣♦rt ❞❡ ♠❛ss❡ mi/me = 100✱ ωpe/ωce = 2✱ ♣❛r❛♠ètr❡ ❞✉ ♣❧❛s♠❛ β = 0.022✮ ✳ ▲❡s
✐♦♥s s♦♥t r❡♣rés❡♥tés ♣❛r ❞❡s ♣♦✐♥ts ❜❧❡✉s ❡t é❧❡❝tr♦♥s ♣❛r ❞❡s ♣♦✐♥ts ♥♦✐rs ✭Px ❞✐✈✐sé
♣❛r
√
mi/me ♣♦✉r q✉❡ ❧❛ ❞✐s♣❡rs✐♦♥ ❡♥ ✈✐t❡ss❡s ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❛♠♦♥t s♦✐t ❧❛ ♠ê♠❡ q✉❡
❝❡❧❧❡ ❞❡s ✐♦♥s✮✳ ❖♥ ❞✐st✐♥❣✉❡ ❧✬❛♠♦♥t ❞✉ ❝❤♦❝ à ❞r♦✐t❡✱ ❧❡ ❢r♦♥t ❞✉ ❝❤♦❝✱ ❞é❧✐♠✐té ♣❛r ❧❡s
❧✐❣♥❡s ♣♦✐♥t✐❧❧é❡s ❡t ❧❡ ♣❧❛s♠❛ ❛✈❛❧ ❞❛♥s ❧❛ ♣❛rt✐❡ ❣❛✉❝❤❡ ❞❡ ❧❛ ❜♦ît❡✳ ▲❡ ❝❤♦❝ s❛t✐s❢❛✐t
♥❛t✉r❡❧❧❡♠❡♥t ❛✉① ❝♦♥❞✐t✐♦♥s ❞❡ s❛✉t ❡♥ ❞❡♥s✐té✱ t❡♠♣ér❛t✉r❡ ❡t ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ❊♥
❛✈❛❧ ❞✉ ❝❤♦❝✱ ❧❡s é❧❡❝tr♦♥s✱ s✉❜✐ss❛♥t ✉♥❡ s✐♠♣❧❡ ❝♦♠♣r❡ss✐♦♥ ❛❞✐❛❜❛t✐q✉❡✱ ♥❡ s♦♥t ♣❛s
❝❤❛✉✛és à ❧✬éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ✐♦♥s ❡t ♦♥ ❛ Ti ≫ Te✳
P♦✉r ♠♦❞é❧✐s❡r ✉♥ ❝❤♦❝ r❡❧❛t✐✈✐st❡ s❡ ♣r♦♣❛❣❡❛♥t ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ❧✬♦r❞r❡
❞❡ ❣r❛♥❞❡✉r ❡♥ ✈✐t❡ss❡s ❡st ❧❡ s✉✐✈❛♥t ✿ c/vA ∼ 104✱ c/cS ∼ 104✱ vsh/c ≃ 1✳ ❈❡❧❛ ✐♠♣❧✐q✉❡
MA ∼ 104 ❝❡ q✉✐ ❡st t❡❝❤♥✐q✉❡♠❡♥t ❞✐✣❝✐❧❡✱ ♥é❝❡ss✐t❛♥t ✉♥❡ ❜♦ît❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❡t t❡♠♣s
❞❡ ❝❛❧❝✉❧ ❡①trê♠❡♠❡♥t é❧❡✈és✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ❥✬❛✐ ❞♦♥❝ ❛❞♦♣té ✉♥❡ ✈✐t❡ss❡ ❞❡ s♦♥
❡t ❞✬❆❧❢✈é♥ é❧❡✈é❡s ✭c/vA, cS ≃ 20✮ ♣♦✉r ❡ss❛②❡r ❞✬❛tt❡✐♥❞r❡ ❧❡ ré❣✐♠❡ ❞❡ ❝❤♦❝ r❡❧❛t✐✈✐st❡
❡♥ ❛✉❣♠❡♥t❛♥t ❣r❛❞✉❡❧❧❡♠❡♥t ❧✬✐♥t❡♥s✐té ❞✉ ♣✐st♦♥ ♠❛❣♥ét✐q✉❡✳
❊✛❡t ❞✉ J0 ❊♥ ♣❛rt❛♥t ❞❡s ♠ê♠❡s ♣❛r❛♠ètr❡s ♣❧❛s♠❛ q✉❡ ❞❛♥s ❍❛❞❛ ❡t ❛❧✳ ❬✹❪✱ ❧✬✐♥t❡♥✲
s✐té ❞✉ ♣✐st♦♥ ♠❛❣♥ét✐q✉❡ ❛ été ❛✉❣♠❡♥té❡ s✉r ❞❡✉① ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r✱ ❞♦♥♥❛♥t ❧✐❡✉ ❛✉①
❝❤♦❝s ❞♦♥t ❧❡ ♥♦♠❜r❡ ❞❡ ▼❛❝❤ ✈❛ ❞❡ ✷✳✸ à ✶✻✳✽ ❡t ✈✐t❡ss❡s vsh/c ❞❡ 0.1 à 0.9✳ ▲❛ ✈✐t❡ss❡ ❞✉
❝❤♦❝ ♥✬é✈♦❧✉❡ ♣❛s ❧✐♥é❛✐r❡♠❡♥t ❛✈❡❝ J0 ❡t s❡♠❜❧❡ ♣❧✉tôt s❛t✉r❡r ❛✉① ✈❛❧❡✉rs ❢❛✐❜❧❡♠❡♥t
r❡❧❛t✐✈✐st❡s✳ ▲✬❡✛❡t ❡s❝♦♠♣té ❞✬❛tt❡✐♥❞r❡ ❧❡ ré❣✐♠❡ r❡❧❛t✐✈✐st❡ ♥✬❛ ♣❛s ❢♦♥❝t✐♦♥♥é✱ ❝❛r ❞❡s
❡✛❡ts ♥✉♠ér✐q✉❡s ♥é❢❛st❡s s❡ ♠❛♥✐❢❡st❡♥t ❧♦rsq✉❡ ❧❡ ♣✉❧s❡ ♠❛❣♥ét✐q✉❡ ❡st tr♦♣ ❢♦rt ❡t
r❛♣✐❞❡✱ t❡❧s q✉❡ ❞❡s str✐❛t✐♦♥s ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡ ♣❤❛s❡s✳ ❈❡s ❡✛❡ts ♣❡✉✈❡♥t êtr❡ ✐♠♣♦rt❛♥ts
❡t ❛❧tér❡r ❧❛ ♣❤②s✐q✉❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝✳ ◆♦t♦♥s ❛✉ss✐ q✉❡ ❧❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ✈✐t❡ss❡
❞✉ ❝❤♦❝ ❡st ❛✉ss✐ ❝♦♥trô❧❛❜❧❡ ♣❛r ❧❛ ❞❡♥s✐té ❡t ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❞✉ ♣❧❛s♠❛✳
❉✬❛✉tr❡s ♠ét❤♦❞❡s ♦♥t ❞♦♥❝ été ❡ss❛②é❡s✳
✶✶✻ ✻✳✷✳ ❈❍❖❈❙ P❆❘ ❉■❋❋➱❘❊◆❚❊❙ ▼➱❚❍❖❉❊❙
❋✐❣✳ ✻✳✷✿ ❈❤♦❝ ♣❛r ré✢❡①✐♦♥ s✉r ❧❡ ♠✉r ❞r♦✐t✳ ❊s♣❛❝❡ ❞❡s ♣❤❛s❡s X −Px ❞❡s ✐♦♥s ✭r♦✉❣❡✮
❡t é❧❡❝tr♦♥s ✭♥♦✐r✮✳ ▲❡s ✜❣✉r❡s ❞✉ ❜❛s ♣rés❡♥t❡♥t ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ✐♦♥s✱ à
❣❛✉❝❤❡✱ ❡t ❞❡s é❧❡❝tr♦♥s✱ à ❞r♦✐t❡✱ ❛✉① ❡♠♣❧❛❝❡♠❡♥ts ❞✐✛ér❡♥ts ❞❛♥s ❧❛ ❜♦ît❡✳
✻✳✷✳✷ P✐st♦♥✲♠✉r
❈❡tt❡ ♠ét❤♦❞❡ ❡st très ré♣❛♥❞✉❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✱ ❛✉ss✐ à ❝❛✉s❡ ❞❡ s❛ s✐♠♣❧✐❝✐té✳ ❖♥
ré✢é❝❤✐t ❧❡ ♣❧❛s♠❛ ✐♥❝✐❞❡♥t✱ ❡♥ ❞ér✐✈❡ ❣❧♦❜❛❧❡ ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ +x✱ s✉r ❧❡ ♠✉r ❞r♦✐t✳
▲❡s ❝❤❛♠♣s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s ♣❛ss❡♥t ❧❡ ♠✉r ❧✐❜r❡♠❡♥t ❡t s♦♥t ❣r❛❞✉❡❧❧❡♠❡♥t ❛♠♦rt✐❡s
❞❛♥s ❧❛ ♣❛rt✐❡ ✈✐❞❡ ❞❡ ❧❛ ❜♦ît❡ ❛✜♥ ❞❡ ♥❡ ♣❛s ❧❡s ❧❛✐ss❡r r❡ss♦rt✐r ❞❡ ❧✬❛✉tr❡ ❝♦té✳ ▲❡
✢♦t ❞❡ ♣❛rt✐❝✉❧❡s ré✢é❝❤✐❡s✱ s❡ ❞✐r✐❣❡❛♥t s✉✐✈❛♥t −x✱ ✐♥t❡r❛❣✐t ❛✈❡❝ ❧❡ ♣❧❛s♠❛ ✐♥❝✐❞❡♥t
❡t ❧❡ ♠é❧❛♥❣❡ ❞❡s ❞❡✉① ♣♦♣✉❧❛t✐♦♥s ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❝❤♦❝✱ ❛②❛♥t ❧❡ ♠✐❧✐❡✉
❛✈❛❧ ❣❧♦❜❛❧❡♠❡♥t ✐♠♠♦❜✐❧❡ ♣❛r r❛♣♣♦rt à ❧❛ ❜♦ît❡ ❞❡ s✐♠✉❧❛t✐♦♥✳ ▲❡ ❝❤♦❝ s❡ ♣r♦♣❛❣❡ ❡♥
❞✐r❡❝t✐♦♥ −x à ❧❛ ✈✐t❡ss❡ ♣r♦❝❤❡ ❞❡ c/2 ✭s✐ ❧❡ ré❣✐♠❡ ❡st r❡❧❛t✐✈✐st❡ ❡t ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
❡st ❞②♥❛♠✐q✉❡♠❡♥t ♥♦♥ ✐♠♣♦rt❛♥t✮✱ ❧✬✐♥❞✐❝❡ ❛❞✐❛❜❛t✐q✉❡ ❞✉ ❣❛③ ❜✐✲❞✐♠❡♥s✐♦♥♥❡❧ ét❛♥t
é❣❛❧ à ✸✴✷✳ ▲❡ ré❢ér❡♥t✐❡❧ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ♣❛r ❝❡tt❡ ♠ét❤♦❞❡✱ ❡st ❞♦♥❝ ❝❡❧✉✐ ❞✉ ♠✐❧✐❡✉
❛✈❛❧ ✭❉❘❋✮✳
❈❡tt❡ ♠ét❤♦❞❡ ❝♦♠♣t❡ ❞❡✉① ❛✈❛♥t❛❣❡s ♣♦✉r ❧❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s✳ ▲❡ ♣r❡♠✐❡r ❡st
❞✬êtr❡ ♣❧❛❝é ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❉❘❋✱ ✐♥✉t✐❧❡ ❞❡ s♦✉str❛✐r❡ ❞ér✐✈❡s ❡t ❡✛❡ts ❉♦♣♣❧❡r ♣♦✉r
❞✐❛❣♥♦st✐q✉❡r ✉♥❡ ♣❛rt✐❡ s✉♣r❛✲t❤❡r♠✐q✉❡ ❞❛♥s ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞✉ ♣❧❛s♠❛ ❛✈❛❧✳
▲❡ ❞❡✉①✐è♠❡ ❡st ❧❛ ♠❛✐tr✐s❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❡t ❞✉ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❞✉ ❝❤♦❝ ♦❜t❡♥✉ ✿ ♦♥
❝♦♥tr❛✐♥t str✐❝t❡♠❡♥t ❧❛ ✈✐t❡ss❡ ❞✉ ♣❧❛s♠❛ ❛♠♦♥t ❡t ❧❡ ❞✐❛❣♥♦st✐❝ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ❝❤♦❝
❡st s✐♠♣❧❡ ❝❛r✱ ❞❛♥s ❝❡ ré❢ér❡♥t✐❡❧✱ s❛ ✈✐t❡ss❡ ❡st ✉♥❡ ❢r❛❝t✐♦♥ ❞❡ ❝✳ P♦✉r ❝♦♠♣❛r❛✐s♦♥✱
❧♦rsq✉❡ ❧❛ s✐♠✉❧❛t✐♦♥ s❡ ❢❛✐t ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❯❘❋ ❧❛ ✈✐t❡ss❡ ❞✉ ❢r♦♥t r❡❧❛t✐✈✐st❡ ❡st très
❈❍❆P■❚❘❊ ✻✳ ❙■▼❯▲❆❚■❖◆❙ ✶❉ ✶✶✼
♣r♦❝❤❡ ❞❡ c✳ ▲❡ ❞✐❛❣♥♦st✐❝ ♣ré❝✐s ❞❡ γsh ❡st ❞♦♥❝ ❞✐✣❝✐❧❡✳
❈♦♥s✐❞ér♦♥s ✉♥❡ s✐♠✉❧❛t✐♦♥ r❡♣rés❡♥t❛t✐✈❡ ❛✈❡❝ ❧❛ ✹✲✈✐t❡ss❡ ❞✉ ♣❧❛s♠❛ ✐♥❥❡❝té pinj =
γinjβx,inj = 5.1 ❡t ❧❡s ❛✉tr❡s ♣❛r❛♠ètr❡s ✿ mi/me = 100✱ Te = Ti✱ θB = 90◦✱ ωpe/ωce = 2✳
▲❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭Tmax = 5000ω−1pe ✮ ❡st ♣rés❡♥té❡ ❞❛♥s ❧❛
❋✐❣✉r❡ ✻✳✷✳ ▲❡ ❢r♦♥t ❞❡ ❝❤♦❝ s❡ s✐t✉❡ à X/∆ ∼ 5.75 · 104✳ ▲❡ ✢♦t ❛♠♦♥t ✭♣❧❛s♠❛ ✐♥❥❡❝té✮
❡st à ❣❛✉❝❤❡ ❞❡ ❧❛ ✜❣✉r❡✱ s❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❡st ♥♦♥ ♥✉❧❧❡ ♣✉✐sq✉❡ ❧❡ ré❢ér❡♥t✐❡❧ ❞❡ ❧❛
s✐♠✉❧❛t✐♦♥ ❡st ❝❡❧✉✐ ❞✉ ♣❧❛s♠❛ ❛✈❛❧ ❛✉ r❡♣♦s ✭♣❛rt✐❡ ❞r♦✐t❡ ❞❡ ❧❛ ✜❣✉r❡✮✳ ❯♥ ❡✛❡t ❞❡
❝❤❛r❣❡ ❞✬❡s♣❛❝❡ ✭♣r♦✜❧ ❞✉ ❝❤❛♠♣ é❧❡❝tr♦st❛t✐q✉❡ Ex✱ s✉❜✐ss❛♥t ✉♥❡ ❢♦rt❡ ✈❛r✐❛t✐♦♥✱ ❡♥
♠❛❣❡♥t❛✮ ❛♣♣❛r❛✐t ❞❛♥s ❧❡ ❢r♦♥t ❞✉ ❝❤♦❝✳ ❈✬❡st ❞❛♥s ❝❡tt❡ ré❣✐♦♥ q✉❡ ❧❛ ❞✐ss✐♣❛t✐♦♥ ❛
❧✐❡✉✱ ❧❡s é❧❡❝tr♦♥s s♦♥t ❝❤❛✉✛és ❡t ❧❡ ❝❤♦❝ s✉❜✐t ✉♥❡ ❛✉t♦✲r❡❢♦r♠❛t✐♦♥✱ ❞♦♥t ❧❡ ♠é❝❛♥✐s♠❡
❡st ❞ét❛✐❧❧é ♣❧✉s ❧♦✐♥✳ ❊♥ ❧✐❣♥❡ ✈❡rt❡✱ ❧❡ ♣r♦✜❧ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡st r❡♣rés❡♥té ✭✉♥✐tés
❛r❜✐tr❛✐r❡s✮✳ ▲❡ s❛✉t ❡♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡♥tr❡ ❧✬❛♠♦♥t ❡t ❧✬❛✈❛❧ ❡st é❣❛❧ ❛✉ s❛✉t ❡♥
❞❡♥s✐tés✱ ❝♦♠♠❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❘❛♥❦✐♥❡✲❍✉❣♦♥✐♦t ❧✬❡①✐❣❡♥t✳ ▲❡s ❞❡✉① ❣r❛♣❤❡s ❞✉ ❜❛s
❞❡ ❧❛ ✜❣✉r❡ ♣rés❡♥t❡♥t ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ✐♦♥s ✭❣❛✉❝❤❡✮ ❡t ❞❡s é❧❡❝tr♦♥s
✭❞r♦✐t❡✮ ❞❛♥s tr♦✐s ré❣✐♦♥s r❡♣rés❡♥t❛t✐✈❡s ✿ ❛♠♦♥t❂✉♣str❡❛♠✱ ❢r♦♥t ❞✉ ❝❤♦❝ ✭r❛♠♣❡ ✰
♣✐❡❞✮❂ ❢r♦♥t ❡t ❛✈❛❧ ❂ ❞♦✇♥str❡❛♠✳ ❉✬❛♣rès ❝❡s ✜❣✉r❡s✱ ♦♥ ✈♦✐t q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❢r♦✐❞❡
❞❡s ✐♦♥s ❛♠♦♥t ❡st ❝❤❛✉✛é❡✱ s✉rt♦✉t ❛✉ ♥✐✈❡❛✉ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ ❡t t❡♥❞ ✈❡rs ❧❡s ❝♦♥❞✐t✐♦♥s
❞❡ s❛✉t ❞❛♥s ❧❛ ré❣✐♦♥ ❛✈❛❧✳ ▲❡ ❝❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s ❡st ♣❧✉s ♠♦❞éré✱ ❧❡✉r ❞✐s♣❡rs✐♦♥
t❤❡r♠✐q✉❡ ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝ ét❛♥t ❛ss❡③ ❣r❛♥❞❡✳ ▲❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❛♥s ❧❡
♠✐❧✐❡✉ ❛✈❛❧ s♦♥t ❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ❞❡s ❞✐str✐❜✉t✐♦♥ ❞❡ ▼❛①✇❡❧❧ r❡❧❛t✐✈✐st❡s✱ s❛♥s é✈✐❞❡♥❝❡
❞✬✉♥❡ ♣❛rt✐❡ s✉♣r❛✲t❤❡r♠✐q✉❡✳
▲✬ét✉❞❡ s②sté♠❛t✐q✉❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s à ❧✬❛✐❞❡ ❞❡ ❝❡tt❡ ♠ét❤♦❞❡ ♥✬❛ ♣♦✉rt❛♥t
♣❛s ♣✉ êtr❡ ré❛❧✐sé❡ ❛❝t✉❡❧❧❡♠❡♥t à ❝❛✉s❡ ❞✬✉♥❡ ❞✐✣❝✉❧té t❡❝❤♥✐q✉❡✱ ✐♥❤ér❡♥t❡ ❛✉ ❝♦❞❡
s♣❡❝tr❛❧✳
Pr♦❜❧è♠❡ ❞✉ ♠♦❞❡ k = 0✳ ❈❡ ♣r♦❜❧è♠❡ ❛ été s♦✉❧❡✈é ❡t ❛♥❛❧②sé ♣❛r ❬✾❪ ❢❛✐s❛♥t
♣❛rt ❞✬❡✛❡ts ♥♦♥✲♣❤②s✐q✉❡s ❞❛♥s ✉♥ ❝♦❞❡ s♣❡❝tr❛❧ ❜♦r♥é✳ ❉✐s❝✉t♦♥s s♦♥ ✐♠♣❛❝t q✉❛♥❞ ♦♥
s✐♠✉❧❡ ❧❡ ❝❤♦❝ ♣❛r ré✢❡①✐♦♥ s✉r ❧❡ ♠✉r ❞r♦✐t✳
❉❛♥s ❧❛ ♠ét❤♦❞❡ ❞✉ ♣✐st♦♥✲♠✉r✱ ✉♥❡ ❝♦♠♣♦s❛♥t❡ ♠♦②❡♥♥❡ ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❞♦✐t
êtr❡ ❛♣♣❧✐q✉é❡ ❧♦rsq✉❡ ❧❡ ♣❧❛s♠❛ ❡st ♠❛❣♥ét✐sé ❡t ❡st ❡♥ ❞ér✐✈❡ ❣❧♦❜❛❧❡ ✿ ❧❛ ❝♦♥❞✐t✐♦♥
❞✉ ❝❤❛♠♣ ✜❣é ❞❛♥s ❧❛ ♠❛t✐èr❡ q✉✐ s❡ ❧✐t E + vd × B = 0✳ ❈❡❧❛ ✐♠♣❧✐q✉❡ q✉❡✱ s✐ ✉♥
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ Bz ❝♦♥st❛♥t ❡st ✐♠♣♦sé ❛✉ t❡♠♣s ✐♥✐t✐❛❧ ❡t ❧❡ ♣❧❛s♠❛ ❞ér✐✈❡ s✉✐✈❛♥t
vd = vdex✱ ❛❧♦rs ✐❧ ❢❛✉t ✐♠♣♦s❡r ✉♥ Ey ♥♦♥✲♥✉❧ s✉r t♦✉t❡ ❧❛ ❜♦ît❡✳ ▲✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❝❡tt❡
❝♦♠♣♦s❛♥t❡ ♠♦②❡♥♥❡ ✭❝♦♠♣♦s❛♥t❡ k = 0 ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡ ❋♦✉r✐❡r✮ s✬❡st ré✈é❧é ♥é❢❛st❡
♣♦✉r ❧❛ st❛❜✐❧✐té ❞✉ ❝♦❞❡ ✈✐s✲à✲✈✐s ❞❡s ❝❤♦❝s ❢♦rts✳
▲❡ ❝♦❞❡ ♥✉♠ér✐q✉❡ ❡st s♣❡❝tr❛❧✱ ❞♦♥❝ ❧❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s ♣ér✐♦❞✐q✉❡s s♦♥t ✐♥✲
❤ér❡♥t❡s à s❛ str✉❝t✉r❡✳ ▲❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝✱ ♣♦✉r s❛ ♣❛rt✱ ❡st ♥♦♥✲♣ér✐♦❞✐q✉❡ ❝❛r ❧❡s
♣❛rt✐❝✉❧❡s ♦✉ ❧❡s ♦♥❞❡s q✉✐ s♦rt❡♥t ❞✬✉♥ ❝ôté ❞❡ ❧❛ ❜♦ît❡ ✭❛♠♦♥t ❞✉ ❝❤♦❝✮ ♥❡ ❞♦✐✈❡♥t ♣❛s
✶✶✽ ✻✳✷✳ ❈❍❖❈❙ P❆❘ ❉■❋❋➱❘❊◆❚❊❙ ▼➱❚❍❖❉❊❙
r❡♥tr❡r ❞❡ ❧✬❛✉tr❡ ❝ôté ✭❛✈❛❧ ✿ ♣❧✉s ❝❤❛✉❞✱ ❞❡♥s❡✳✳✳✮ ❞❛♥s ❧❡s ♠ê♠❡s ❝♦♥❞✐t✐♦♥s✳ ❉❡✉① s♦❧✉✲
t✐♦♥s s♦♥t ♣♦ss✐❜❧❡s ✿ ❝❤❛♥❣❡r ❞✬❛❧❣♦r✐t❤♠❡ ❞❡ rés♦❧✉t✐♦♥ ❞❡s éq✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧ ♣♦✉r
✉♥ s❝❤é♠❛ ❛✉① ❞✐✛ér❡♥❝❡s ✜♥✐❡s ♦✉ ❛❞♦♣t❡r ✉♥❡ s♦❧✉t✐♦♥ ♠❛❧✐❣♥❡ ✿ ❜r✐s❡r ❧❛ ♣ér✐♦❞✐❝✐té
♣♦✉r ❧❡s ♣❛rt✐❝✉❧❡s ❡♥ ✐♥❝❧✉❛♥t ❞❡✉① ♠✉rs à ❧✬✐♥tér✐❡✉r ❞❡ ❧❛ ❜♦ît❡ ❡t ❛♠♦rt✐r ❧❡s ♦♥❞❡s
❞❛♥s ❧❡s ♣❛rt✐❡s ❛rt✐✜❝✐❡❧❧❡♠❡♥t ✈✐❞❡s✳ ❈✬❡st ❝❡tt❡ ❞❡r♥✐èr❡ s♦❧✉t✐♦♥ q✉✐ ❡st ❛❞❛♣té❡ ❡t ❡❧❧❡
♠❛r❝❤❡ ❜✐❡♥ ♣♦✉r ❞❡s ❝❤♦❝s ✑♣❛s très ❢♦rts✑ ✭✐✳❡✳ ♥♦♠❜r❡ ❞❡ ▼❛❝❤ ♣❛s tr♦♣ é❧❡✈é ❡t ✈✐t❡ss❡
❞✉ ❢r♦♥t ♣❛s très ♣r♦❝❤❡ ❞❡ c✮✳ ❉❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s ❧❡s s❛✉ts ❡♥ q✉❛♥t✐tés ♣❤②s✐q✉❡s✱
t❡❧❧❡s q✉❡ ❧❛ ❞❡♥s✐té ❡t t❡♠♣ér❛t✉r❡✱ ♥❡ s♦♥t ♣❛s très ❜r✉sq✉❡s ❡t ❧❛ ❜❛rr✐èr❡ ❞❡ ♣♦t❡♥t✐❡❧
é❧❡❝tr♦st❛t✐q✉❡ ❛✉ ❝❤♦❝ ♥✬❡st ♣❛s très ❣r❛♥❞❡✳ ▲❡s ❡✛❡t ❞❡ ❧❛ ❜r✐s✉r❡ ❞❡ ♣ér✐♦❞✐❝✐té s♦♥t
❛❧♦rs ❢❛✐❜❧❡s ❡t ♥✬❛❧tèr❡♥t ♣❛s ❧❛ ♣❤②s✐q✉❡ ❞✉ ♣❧❛s♠❛✳ ❉❛♥s ❧❡ ré❣✐♠❡ q✉✐ ♥♦✉s ✐♥tér❡ss❡ ❧❡
♥♦♠❜r❡ ❞❡ ▼❛❝❤ ❞♦✐t êtr❡ très é❧❡✈é ❡t ❧❡s ✢✉❝t✉❛t✐♦♥s é❧❡❝tr♦st❛t✐q✉❡s ❛✉ ❢r♦♥t s♦♥t ❞❡
❣r❛♥❞❡ ❛♠♣❧✐t✉❞❡✳ ▲❛ ❝♦♥tr❛✐♥t❡ ❞✉ ♠♦❞❡ k = 0 ✐♠♣❧✐q✉❡ q✉❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ♠♦②❡♥♥❡
s✉r ❧❛ ❜♦ît❡ ✭〈Ex〉✱ ♣❛r ❡①❡♠♣❧❡✱ ♦✉ 〈Bz〉 = Bz,0✮ ❞✉ ❝❤❛♠♣ ❞♦✐t êtr❡ ♥✉❧❧❡ ♦✉ ✜①é❡ ♣❛r
❧❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ✢✉❝t✉❛t✐♦♥s ❧♦❝❛❧❡s ❞❡ ❣r❛♥❞❡ ❛♠♣❧✐t✉❞❡✱ à ❧✬✐♥té✲
r✐❡✉r ❞❡ ❧❛ ♣❛rt✐❡ r❡♠♣❧✐❡ ♣❛r ❧❡ ♣❧❛s♠❛✱ ♦♥ ♥❡ s❛t✐s❢❛✐t ♣❛s t♦✉❥♦✉rs à ❧❛ ❝♦♥❞✐t✐♦♥ str✐❝t❡
〈Ex〉 = 0 ❡t ❧❛ ❝♦♠♣♦s❛♥t❡ ♠♦②❡♥♥❡ ❡st ♥✐✈❡❧é❡ ❣❧♦❜❛❧❡♠❡♥t✱ ❡♥ ❛♣♣❧✐q✉❛♥t ✉♥ ❝❤❛♠♣
é❧❡❝tr♦st❛t✐q✉❡ Ex ♥♦♥✲♥✉❧ ❞❛♥s ❧❛ ♣❛rt✐❡ ❛♠♦♥t ❞✉ ❝❤♦❝✳✳✳ ❙♦♥ ❛♠♣❧✐t✉❞❡ ❡st ❞✬❛✉t❛♥t
♣❧✉s ❣r❛♥❞❡ q✉❡ ❧❡ s❛✉t é❧❡❝tr♦st❛t✐q✉❡ à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ ❡st ❣r❛♥❞✳ ■❧ ❡♥
rés✉❧t❡ ❞❡s ♦s❝✐❧❧❛t✐♦♥s ❡t ❝❤❛✉✛❛❣❡ ❣❧♦❜❛❧✱ ❛rt✐✜❝✐❡❧ ❞✉ ♣❧❛s♠❛✳
■❧ ♣❡✉t ② ❛✈♦✐r ♣❧✉s✐❡✉rs t❡❝❤♥✐q✉❡s ♣♦✉r ❛♠♦✐♥❞r✐r ❝❡t ❡✛❡t✱ ❡♥ ♣r❡♥❛♥t ✉♥❡ ❜♦ît❡
❜❡❛✉❝♦✉♣ ♣❧✉s ❣r❛♥❞❡ ♣❛r ❡①❡♠♣❧❡✳ ❚♦✉t❡❢♦✐s✱ ❧❡ ♣r♦❜❧è♠❡ ♥❡ ❞✐s♣❛r❛✐t ♣❛s t♦t❛❧❡♠❡♥t✳
✻✳✷✳✸ ■♥❥❡❝t✐♦♥ ❞❡ ❢❛✐s❝❡❛✉ ❞❛♥s ✉♥ ♣❧❛s♠❛ ❛✉ r❡♣♦s
❯♥❡ ♠ét❤♦❞❡ ❛❧t❡r♥❛t✐✈❡ ❛ ❞♦♥❝ été ✐♠♣❧é♠❡♥té❡ ❞❛♥s ❧❡ ❝♦❞❡✳ ❖♥ ✐♥❥❡❝t❡ ❣r❛❞✉❡❧✲
❧❡♠❡♥t ✉♥ ❢❛✐s❝❡❛✉ ❛✉ ♥✐✈❡❛✉ ❞✉ ❜♦r❞ ❣❛✉❝❤❡ ❞❛♥s ✉♥ ♣❧❛s♠❛ ❛✉ r❡♣♦s✳ ❈♦♥trô❧❛♥t ❧❛
✈✐t❡ss❡ ❡t ❞❡♥s✐té ❞✉ ❢❛✐s❝❡❛✉ ✐♥❥❡❝té❡✱ ♦♥ ❛ ❛❧♦rs ✉♥ ♠❡✐❧❧❡✉r ❝♦♥trô❧❡ ❞❡ ❧✬✐♥t❡♥s✐té ❡t ❞❡
❧❛ ✈✐t❡ss❡ ❞✉ ❝❤♦❝ rés✉❧t❛♥t q✉❡ ❞❛♥s ❧❛ ♠ét❤♦❞❡ ❞✉ ♣✐st♦♥ ♠❛❣♥ét✐q✉❡✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❡
♣r♦❜❧è♠❡ ❞❡ ❧❛ ❣❡st✐♦♥ ❞✉ ♠♦❞❡ k = 0 ♥❡ s❡ ♣♦s❡ ♣❧✉s ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡ ❧❛ ❞ér✐✈❡ ❣❧♦❜❛❧❡
❞✉ ♣❧❛s♠❛✳ ❯♥ ❝r♦q✉✐s✱ ♣rés❡♥t❛♥t ❧❡s ❞✐✛ér❡♥t❡s ét❛♣❡s ❞❡ ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞✉ ❝❤♦❝ ♣❛r
❝❡tt❡ ♠ét❤♦❞❡ ❡st ♣rés❡♥té ❞❛♥s ❧❛ ❋✐❣✉r❡ ✻✳✸✳ ▲❡s ✜❣✉r❡s ❞❡ ❞r♦✐t❡ r❡♣rés❡♥t❡♥t ❧✬❡s♣❛❝❡
❞❡s ♣❤❛s❡s X − Px ❞❡s ✐♦♥s ✭♣♦✐♥ts ❜❧❡✉s✮ ❡t é❧❡❝tr♦♥s ✭♣♦✐♥ts ♥♦✐rs✮✳ ❈❡s ❞❡r♥✐❡rs ét❛♥t
♣❧✉s ❧é❣❡rs✱ ❧❡✉r ❞✐s♣❡rs✐♦♥ t❤❡r♠✐q✉❡ ❡st ♣❧✉s ❣r❛♥❞❡✳ ▲♦rsq✉❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❡st ❛✈❛♥❝é❡✱
❧❡ ❝❤♦❝ ❛✈❛♥t ❛✐♥s✐ q✉✬✉♥❡ ❞✐s❝♦♥t✐♥✉✐té ❞❡ ❝♦♥t❛❝t s♦♥t ❢♦r♠és✳ ❉❛♥s ♥♦s ✐♥✈❡st✐❣❛t✐♦♥s✱
♥♦✉s ❛❧❧♦♥s ♥♦✉s ❢♦❝❛❧✐s❡r s✉r ❧❡ ❝❤♦❝ ❛✈❛♥t✱ s❡ s✐t✉❛♥t ❞❛♥s ❧❛ ♣❛rt✐❡ ❞r♦✐t❡ ❞❡ ❧❛ ❜♦ît❡✳
▲❡ ré❢ér❡♥t✐❡❧ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❡st ♣❛r ❞é✜♥✐t✐♦♥ ❧❡ ré❢✳ ❛♠♦♥t ✭✉♣str❡❛♠✮✳ ❈❡tt❡
♠ét❤♦❞❡ r❡ss❡♠❜❧❡ ❢♦rt❡♠❡♥t à ❧❛ t❡❝❤♥✐q✉❡ ❞✉ ♣✐st♦♥ ♠❛❣♥ét✐q✉❡ à ❧❛ ❞✐✛ér❡♥❝❡ q✉✬♦♥
❈❍❆P■❚❘❊ ✻✳ ❙■▼❯▲❆❚■❖◆❙ ✶❉ ✶✶✾
Plasma at rest
n0=40 part/cell/species
Vacuum Vacuum
Plasma at rest
Vacuum Vacuum
Beam inj. (n_b)
Vacuum Vacuum
t=0
0<t<T(form)
t>>T(form)
UpSFDownCD
Blue: ions x-px
Black: elecs x-px
❋✐❣✳ ✻✳✸✿ ❙❝❤é♠❛ ❞✉ ♣r♦❝❡ss✉s ❞✬❡♥❝❧❡♥❝❤❡♠❡♥t ❡t ❞ér♦✉❧❡♠❡♥t ❞✉ ❝❤♦❝ ♣❛r ❇❡❛♠ ▼❡✲
t❤♦❞✳ ❙✐❣♥✐✜❝❛t✐♦♥ ❞❡s ❛❜ré✈✐❛t✐♦♥ ❞❛♥s ❧✬ét❛♣❡ ✸ ✿ ❈❉ ✿ ❞✐s❝♦♥t✐♥✉✐té ❞❡ ❝♦♥t❛❝t✱ ❉♦✇♥ ✿
♣❧❛s♠❛ ❛✈❛❧✱ ❙❋ ✿ ❢r♦♥t ❞❡ ❝❤♦❝✱ ❯♣ ✿ ♣❧❛s♠❛ ❛♠♦♥t ✭❛♠❜✐❛♥t✮✳ ▲❡ ré❢ér❡♥t✐❡❧ ❞❡ ❧❛ s✐♠✉✲
❧❛t✐♦♥ ❡st ❞♦♥❝ ❧❡ ré❢✳ ❛♠♦♥t ✭✉♣str❡❛♠✮✳ ▲❡s s♥❛♣s❤♦ts s♦♥t ♣r✐s ❞❛♥s ❧❡ r✉♥ ♣✶✷✵✻✵✹✳
❝♦♥trô❧❡ ❞✐r❡❝t❡♠❡♥t ❧❛ ✈✐t❡ss❡ ❡t ❧❛ ❞❡♥s✐té ❞✉ ❢❛✐s❝❡❛✉ ✐♥❥❡❝té ❡t ♦♥ ❢♦r♠❡ ✉♥ ❢❛✐s❝❡❛✉✲
r❡t♦✉r ✭❢❛✐s❝❡❛✉ ✐♥❥❡❝té✱ ré✢é❝❤✐ s✉r ❧❛ ❞✐s❝♦♥t✐♥✉✐té ❞❡ ❝♦♥t❛❝t✮✳
❇❡♥❝❤♠❛r❦s ❞❡ ❧❛ ♠ét❤♦❞❡ ▲❛ ♠ét❤♦❞❡ ét❛♥t ♥♦✉✈❡❧❧❡✱ ♣❧✉s✐❡✉rs s✐♠✉❧❛t✐♦♥s ❞❡
✈ér✐✜❝❛t✐♦♥ ♦♥t été ❡✛❡❝t✉é❡s✱ s❡ ❜❛s❛♥t s✉r ❧❡s rés✉❧t❛ts ❝♦♥♥✉s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳ P♦✉r
❝♦♠♠❡♥❝❡r ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ré❢ér❡♥❝❡ ❞❡ ❍❛❞❛ ❡t ❛❧✳ ❬✹❪ ❛ été r❡♣r♦❞✉✐t❡✳ ❘❛♣♣❡❧♦♥s ✐❝✐
❧❡s ♣❛r❛♠ètr❡s ❞✉ ♣❧❛s♠❛ ❝♦rr❡s♣♦♥❞❛♥ts ✿mi/me = 84✱ Te/Ti = 1.58✱ ωpe/ωce = 2✱ θB =
90◦ ❡t vth,e = 0.015✳ ❊♥ ✐♥❥❡❝t❛♥t ✉♥ ❢❛✐s❝❡❛✉ ❛✈❡❝ γbβb = 0.3 ❧❡ ❝❤♦❝ ❡st s✉♣❡r❝r✐t✐q✉❡
❛✈❡❝ MA = 3.5✳ ❖♥ ♦❜s❡r✈❡ ✉♥❡ ❛✉t♦✲r❡❢♦r♠❛t✐♦♥ ❝②❝❧✐q✉❡ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ s♦✉s ❧✬❡✛❡t ❞❡
✶✷✵ ✻✳✷✳ ❈❍❖❈❙ P❆❘ ❉■❋❋➱❘❊◆❚❊❙ ▼➱❚❍❖❉❊❙
❋✐❣✳ ✻✳✹✿ ❊s♣❛❝❡ ❞❡ ♣❤❛s❡s ❞❡s ✐♦♥s X − Px à ❞✐✛ér❡♥ts t❡♠♣s ❞❡ r❡❢♦r♠❛t✐♦♥✱ ❝♦rr❡s✲
♣♦♥❞❛♥t à ❧❛ ♣r❡♠✐èr❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❍❛❞❛ ❡t ❛❧✳ ▲✬❛✣❝❤❛❣❡ ❡st ③♦♦♠♠é s✉r ❧❡ ❢r♦♥t✳ ▲❡
❝②❝❧❡ ❞❡ r❡❢♦r♠❛t✐♦♥ ❛ ✉♥❡ ♣ér✐♦❞❡ Tref ≃ τci/3✳
❧❛ s✉r♣r❡ss✐♦♥ ❞❡s ✐♦♥s ré✢é❝❤✐s s✉r ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝ ❛✈❡❝ ✉♥❡ ❢réq✉❡♥❝❡ ∼ 2ω−1ci ✳ ❚♦✉t❡s
❝❡s ❝❛r❛❝tér✐st✐q✉❡s ♦♥t été r❡♣r♦❞✉✐t❡s ❡t ❧❛ ❋✐❣✉r❡ ✻✳✹ ♣rés❡♥t❡ ❧✬❡s♣❛❝❡ ❞❡ ♣❤❛s❡s ❞❡s
✐♦♥s à ❞✐✛ér❡♥ts t❡♠♣s ❞✉ ❝②❝❧❡ ❞❡ r❡❢♦r♠❛t✐♦♥ ♦❜t❡♥✉✳ ▲✬❛❝❝♦r❞ ❛✈❡❝ ❧❡ tr❛✈❛✐❧ ❬✹❪ ❡st
très ❜♦♥✳
❉✬❛✉tr❡s s✐♠✉❧❛t✐♦♥s ❝♦♠♣❛r❛t✐✈❡s ❞❡s ❝❤♦❝s ♥♦♥✲r❡❧❛t✐✈✐st❡s ♦♥t été ❢❛✐t❡s ✿ ❇✐s❦❛♠♣
✫ ❲❡❧t❡r ✶✾✼✷ ❬✶❪✱ ❙❝❤♦❧❡r ✫ ▼❛ts✉❦✐②♦ ✷✵✵✹ ❬✻❪✱ ❍♦s❤✐♥♦ ✫ ❙❤✐♠❛❞❛ ✷✵✵✷ ❬✺❪✳ ▲✬❛❝❝♦r❞
q✉❛❧✐t❛t✐❢ ❛ été r❡tr♦✉✈é ❞❛♥s t♦✉s ❧❡s ❝❛s ❡t ❧❛ ♠ét❤♦❞❡ s❡♠❜❧❡ s✉✣s❛♠♠❡♥t st❛❜❧❡ ♣♦✉r
s✬❛tt❛q✉❡r ❛✉ ré❣✐♠❡ ♠♦❞éré♠❡♥t r❡❧❛t✐✈✐st❡✳ ❉❛♥s ❧❛ ❋✐❣✉r❡ ✻✳✺ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❡♥tr❡
rés✉❧t❛ts ❞❡ ❙❝❤♦❧❡r ✫ ▼❛ts✉❦✐②♦ ❬✻❪ ✭♠ét❤♦❞❡ ❞❡ ♣✐st♦♥✲♠✉r✮ ❡t ♠❛ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ❧❛
♠ét❤♦❞❡ ❞✬✐♥❥❡❝t✐♦♥ ❞❡ ❢❛✐s❝❡❛✉ ❡st ♣rés❡♥té❡✳ ▲❛ ♠ê♠❡ ✐♥st❛❜✐❧✐té ✭▼♦❞✐✜❡❞ ❚✇♦✲❙tr❡❛♠
■♥st❛❜✐❧✐t②✮ ❛ été ❞✐❛❣♥♦st✐q✉é❡ ❞❛♥s ❧❡s ❞❡✉① ❝❛s ❡t ❡st r❡s♣♦♥s❛❜❧❡ ❞❡ ❧✬❛✉t♦✲r❡❢♦r♠❛t✐♦♥
❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ ✐❝✐✳
❙❡ ❜❛s❛♥t s✉r ❝❡s rés✉❧t❛ts✱ ♣❧✉s✐❡✉rs sér✐❡s ❞❡ s✐♠✉❧❛t✐♦♥s ♦♥t été ❝♦♥❞✉✐t❡s ❛✜♥
❞✬ét✉❞✐❡r ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❡t ❞❡♥s✐té ❞✉ ❢❛✐s❝❡❛✉ ✐♥❥❡❝t❡ ❡t
❞❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❞✉ ♣❧❛s♠❛✳
❈❍❆P■❚❘❊ ✻✳ ❙■▼❯▲❆❚■❖◆❙ ✶❉ ✶✷✶
❋✐❣✳ ✻✳✺✿ ❈♦♠♣❛r❛✐s♦♥ q✉❛❧✐t❛t✐✈❡ ❡♥tr❡ ❧❡s rés✉❧t❛ts ❞❡ ❙❝❤♦❧❡r ✫ ▼❛ts✉❦✐②♦ ❬✻❪ ✭♠ét❤♦❞❡
❞❡ ♣✐st♦♥✲♠✉r✮ ❡t ♠❛ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ❧❛ ♠ét❤♦❞❡ ❞✬✐♥❥❡❝t✐♦♥ ❞❡ ❢❛✐s❝❡❛✉✳ ▲❡ ❝❤♦❝ ❡st
♣r❡sq✉❡ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ θB = 87◦✱ ♣♦✉rt❛♥t ✉♥❡ ✐♥st❛❜✐❧✐té ❞❡ t②♣❡ ❉❡✉①✲❋❛✐s❝❡❛✉① s❡
❞é❝❧❡♥❝❤❡ ❞❛♥s ❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝ ♣✉✐sq✉❡ ❝❡❧✉✐✲❝✐ ♥✬❡st ♣❛s ♣❛r❢❛✐t❡♠❡♥t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡✳
▲❡s ❝❛r❛❝tér✐st✐q✉❡s ❡ss❡♥t✐❡❧❧❡s ❞❡ ❝❡tt❡ ✐♥st❛❜✐❧✐té✱ ❝♦♠♠❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❡t ❧❡ t❡♠♣s
❞❡ r❡❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝✱ s♦♥t r❡♣r♦❞✉✐t❡s ❞❛♥s ♠❛ s✐♠✉❧❛t✐♦♥ ✭✜❣✉r❡ ❞❡ ❞r♦✐t❡ ♦ù ❧✬❡s♣❛❝❡
❞❡ ♣❤❛s❡s ❞❡s ✐♦♥s ❡st ❛✣❝❤é✮✳
✻✳✸ ❉é♣❡♥❞❛♥❝❡ γbβb,x
✻✳✸✳✶ ▲❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s
▲❡ ♣❧❛s♠❛ ❡st ❝♦♥✜♥é ❡♥tr❡ ❞❡✉① ♠✉rs ✭▲P▲❳❂✷✵✹✽ ∆ ❡t ▲P❘❳❂✭◆❈❳✲✷✵✹✽✮ ∆✱
❛✈❡❝ ◆❈❳❂✶✻✸✽✹∆✮✳ ■♥✐t✐❛❧❡♠❡♥t✱ ♦♥ r❡♠♣❧✐t ❧❛ ❜♦ît❡ ❛✈❡❝ ✉♥ ♣❧❛s♠❛ ❛✉ r❡♣♦s ❞❡ ❞❡♥s✐té
n0 = 40 ♣❛rt✳✴∆✴❣r✐❧❧❡✱ ❡♥s✉✐t❡ ♦♥ ✐♥❥❡❝t❡ ❣r❛❞✉❡❧❧❡♠❡♥t ✉♥ ♣❧❛s♠❛ ❛✈❡❝ ✉♥❡ ✹✲✈✐t❡ss❡
pdx = γdvdx s✉✐✈❛♥t ① ❛✉ ♥✐✈❡❛✉ ❞✉ ♠✉r ❣❛✉❝❤❡ ✭▲P▲❳✮✳ ▲❛ ❞❡♥s✐té ❞✉ ❢❛✐s❝❡❛✉ ✐♥❥❡❝té
❡st ♥♦té❡ nb✱ t♦✉s ❧❡s ❛✉tr❡s ♣❛r❛♠ètr❡s ét❛♥t ✐❞❡♥t✐q✉❡s ❛✉ ♣❧❛s♠❛ ❛✉ r❡♣♦s✳
✶✷✷ ✻✳✸✳ ❉➱P❊◆❉❆◆❈❊ γBβB,X
❋✐❣✳ ✻✳✻✿ ❚❡♠♣s ❞❡ ❢♦r♠❛t✐♦♥ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ pdx ✭❣❛✉❝❤❡✮ ❡t ❞❡ γb
✭❞r♦✐t❡✮✳ ❉❛♥s ❧❡s ❞❡✉① ❝❛s ♦♥ ❛ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✿ Tform ∝ p0.73dx ✱ ❡t
Tform ∝ γ0.7b ✳
P❛r❛♠✳ ❱❛❧❡✉r ◗✉❛♥t✳ ❱❛❧❡✉r
∆x ✶ ˜¯rL,e ✵✳✹
∆t ✵✳✶ ω−1pe ˜¯rL,i ✹
c˜ ✸ ω˜pe ✶
n0 ✹✵ ♣❛rt✴∆✴s♣❡❝ ω˜pi ✵✳✶
nb ✹✵ ♣❛rt✴∆✴s♣❡❝ λ˜D ✵✳✷
B0 ✶✳✺ ω˜ce ✵✳✺
θB ✾✵ ω˜ci ✵✳✵✵✺
mi/me ✶✵✵ V˜A ✵✳✶✹✾
Te/Ti ✶ βe = βi ✵✳✵✸✺✻
▲❡s ❞❡✉① ❝♦❧♦♥♥❡s ❞❡ ❣❛✉❝❤❡ s♦♥t ❞❡s ♣❛r❛♠ètr❡s ♥✉♠ér✐q✉❡s✱ ✐♠♣♦sés ✐♥✐t✐❛❧❡♠❡♥t ❞❛♥s
❧❛ s✐♠✉❧❛t✐♦♥✳ ▲❡s ❝♦❧♦♥♥❡s ❞❡ ❞r♦✐t❡ s♦♥t ❞❡s ♣❛r❛♠ètr❡s ♣❤②s✐q✉❡s✱ ❞é❞✉✐ts ❞❡s ♣❛r❛✲
♠ètr❡s ♥✉♠ér✐q✉❡s✳ Pré❝✐s♦♥s q✉❡ ˜¯rL,e ❡t ˜¯rL,i s♦♥t ❧❡ r❛②♦♥ ❞❡ ▲❛r♠♦r ❞❡s é❧❡❝tr♦♥s ❡t
✐♦♥s✱ r❡s♣❡❝t✐✈❡♠❡♥t✱ ❡♥ s❡ ❜❛s❛♥t s✉r ❧❛ ✈✐t❡ss❡ t❤❡r♠✐q✉❡ ❡♥ ❛♠♦♥t✱ ❡t ♥♦♥ s✉r ❧❛ ✈✐t❡ss❡
❞✉ ❢❛✐s❝❡❛✉ ✐♥❥❡❝té✳
❘❡❢♦r♠✉❧❛♥t ❡♥ ♣❛r❛♠ètr❡s s❛♥s ❞✐♠❡♥s✐♦♥s ♦♥ ❛ ✿ ωce/ωpe = 0.5✱ σe = 0.25✱ σtot =
2.5 · 10−3✱ vA/c = 0.05 ❡t cS/c = 0.067✳ ❈❡ s♦♥t ❞♦♥❝ ❞❡s ❝❤♦❝s à ♠❛❣♥ét✐s❛t✐♦♥ ♠♦❞éré❡
❡t à β ❞✉ ♣❧❛s♠❛ ❢❛✐❜❧❡✳ ▲❡s s✐♠✉❧❛t✐♦♥s s♦♥t ❝♦♥❞✉✐t❡s s✉r ✉♥ t❡♠♣s Tmax = 4000ω−1pe =
20ω−1ci ✳ ❖♥ ❢❛✐t ✈❛r✐❡r ❧✬✐♠♣✉❧s✐♦♥ ❞✉ ❢❛✐s❝❡❛✉ ✐♥❥❡❝té s✉r pdx/c = γbβb ∈ [0.33, 33] s✉r ✷✵
s✐♠✉❧❛t✐♦♥s✳
❈❍❆P■❚❘❊ ✻✳ ❙■▼❯▲❆❚■❖◆❙ ✶❉ ✶✷✸
✻✳✸✳✷ ❋♦r♠❛t✐♦♥ ❡t str✉❝t✉r❡ ❞❡s ❝❤♦❝s
❊♥ ♣r❡♠✐èr❡ ♣❤❛s❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ❢❛✐s❝❡❛✉ ❡t ❧❡ ♣❧❛s♠❛ ❧❡s ❞❡✉① ✢♦ts é❧❡❝✲
tr♦♥✐q✉❡s ❝❤❛✉✛❡♥t ❢♦rt❡♠❡♥t à ❧❛ t❡♠♣ér❛t✉r❡ Te ∼ γbβbmec2 ♣❛r ❧✬✐♥st❛❜✐❧✐té à ❞❡✉①
❢❛✐s❝❡❛✉①✳ ▲❡ ❢❛✐s❝❡❛✉ ✐♦♥✐q✉❡ s❡ ♣r♦♣❛❣❡ ❞♦♥❝ ❞❛♥s ✉♥ ❜❛✐♥ ❞✬é❧❡❝tr♦♥s ❝❤❛✉❞s ❡t r❛❧❡♥t✐t
❣r❛❞✉❡❧❧❡♠❡♥t ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ♣❛r❝♦✉r✉❡✳ ▲❛ ♣❛rt✐❡ ❞❡s ✐♦♥s ❛✉ r❡♣♦s s❡ tr♦✉✈❡ ❛❝❝é❧é✲
ré❡ ❞✬❛✉t❛♥t ♣❧✉s q✉❡ ❧❡s ✐♦♥s ❞✉ ❢❛✐s❝❡❛✉ s♦♥t r❛❧❡♥t✐s✳ ◆♦t♦♥s q✉❡ ❧✬✐♥st❛❜✐❧✐té à ❞❡✉①
❢❛✐s❝❡❛✉① ✐♦♥✐q✉❡ ❡st st❛❜✐❧✐sé❡ ♣❛r ❧❡ ❜❛✐♥ ❞✬é❧❡❝tr♦♥s ❝❤❛✉❞s ❡t ❝✬❡st ❧❛ ré✢❡①✐♦♥ ♠❛❣♥é✲
t✐q✉❡ ❞✉ ❢❛✐s❝❡❛✉✱ ❝♦♠❜✐♥é❡ ❛✈❡❝ ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ✐♦♥s ❛♠♦♥t✱ q✉✐ ♣r♦❞✉✐t ❧❛ s✉r♣r❡ss✐♦♥
♥é❝❡ss❛✐r❡ à ❧✬ét❛❜❧✐ss❡♠❡♥t ❞❡ ❧❛ ❜❛rr✐èr❡ é❧❡❝tr♦st❛t✐q✉❡ ❡t ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✳ ❉❛♥s t♦✉s
❧❡s ❝❛s✱ ❧❡ ❝❤♦❝ s❡ ❢♦r♠❡ s✉r ✉♥ t❡♠♣s ✐♥❢ér✐❡✉r ❛✉ t❡♠♣s ❝②❝❧♦tr♦♥ ❞❡s ✐♦♥s ❞✉ ❢❛✐s❝❡❛✉
τci,b = ˜¯rLi,beam/c˜✱ ❛✈❡❝ ˜¯rLi,beam = (pdx/vth,i)˜¯rL,i✳
▲❡ t❡♠♣s ❞❡ ❢♦r♠❛t✐♦♥ ❞✉ ❢r♦♥t ✭Tform✮ ❡st ❞é✜♥✐ ❝♦♠♠❡ ❧❡ t❡♠♣s ♦ù ✉♥❡ ❜❛rr✐èr❡
é❧❡❝tr♦st❛t✐q✉❡ ✭r❡♣éré❡ ❛✉ss✐ ♣❛r ✉♥❡ ♣♦✐♥t❡ ❡♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ Bz✮ ❝♦♠♠❡♥❝❡ à
ré✢é❝❤✐r ❧❛ ♣r❡♠✐èr❡ ♣♦♣✉❧❛t✐♦♥ ❞✬✐♦♥s ❛♠♦♥t✱ ✐♥❝✐❞❡♥ts✳ ❈❡ t❡♠♣s ✈❛r✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡
❧❛ ✈✐t❡ss❡ ❞✉ ❢❛✐s❝❡❛✉ ✐♥❥❡❝té✱ ❞✉ r❛♣♣♦rt ❞❡ ♠❛ss❡s✱ ❞❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❡t ❞✉ r❛♣♣♦rt
❞❡s ❞❡♥s✐tés nb/n0✱ ❝❤❛❝✉♥ ❥♦✉❛♥t s✉r ❧❡ t❡♠♣s ❝②❝❧♦tr♦♥ ❞❡s ✐♦♥s ❞✉ ❢❛✐s❝❡❛✉✳ ■❝✐ ♦♥
r❡❣❛r❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞✉ pdx s✉r ❧❡ t❡♠♣s ❞❡ ❢♦r♠❛t✐♦♥✱ ❡♥ ✜①❛♥t nb = n0✱
mi/me = 100 ❡t σ = 2.5 · 10−3✳ ❉❛♥s ❧❛ ❋✐❣✳❬✻✳✻❪ ♦♥ ♣rés❡♥t❡ ❝❡ t❡♠♣s ❡♥ ❢♦♥❝t✐♦♥
❞❡ pdx ✭❣❛✉❝❤❡✮ ❡t ❞❡ γb ✭❞r♦✐t❡✮✱ s✉r ❧❡s ✷✵ s✐♠✉❧❛t✐♦♥s✳ ❉❛♥s ❧❡s ❞❡✉① ❝❛s ♦♥ ❛ ✉♥
❝♦♠♣♦rt❡♠❡♥t ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✿ Tform ∝ p0.73dx ✱ ❡t Tform ∝ γ0.7b ✳ ❯♥❡ sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥s
❝♦♠♣❧é♠❡♥t❛✐r❡s ♦ù ❥✬❛✐ ✈❛r✐é ❧❡ r❛♣♣♦rt ❞❡ ♠❛ss❡s mi/me ❡♥tr❡ ✶✵✵ ❡t ✹✵✵ ❡♥ ✜①❛♥t
γbβb = 3 ❞♦♥♥❡ Tform ∝ mi/me✱ ❝♦♥✜r♠❛♥t q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝ ❡st ❣♦✉✈❡r♥é❡
♣❛r ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ✐♦♥s à ❧✬é❝❤❡❧❧❡ ❞✉ t❡♠♣s ❝②❝❧♦tr♦♥ ✶✳ ❈❡s rés✉❧t❛ts s❡r✈✐r♦♥t à
❡①tr❛♣♦❧❡r ❧❡ t❡♠♣s ❞❡ ❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝ ♣♦✉r ❞❡s ✈✐t❡ss❡s ❞✉ ❢❛✐s❝❡❛✉ ❛r❜✐tr❛✐r❡♠❡♥t
❣r❛♥❞❡s✳ P❡r♠❡tt❛♥t ❛✐♥s✐ ❞❡ ♣ré✈♦✐r ✉♥❡ t❛✐❧❧❡ ❞❡ ❜♦ît❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❝♦♥✈❡♥❛❜❧❡✳
❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ str✉❝t✉r❡ ❞❡s ❝❤♦❝s ❢♦r♠és✱ ❡❧❧❡ ❡st s❡♠❜❧❛❜❧❡ ❞❛♥s t♦✉t❡s ❧❡s s✐✲
♠✉❧❛t✐♦♥s✳ ▲❡ ♣✐❡❞ ❞✉ ❝❤♦❝ ❡st ❝❛r❛❝tér✐sé ♣❛r ❧❛ ♣rés❡♥❝❡ ❞✬✐♦♥s ré✢é❝❤✐s ❡t ✉♥ ❢♦rt
❝❤❛✉✛❛❣❡ ❞✬é❧❡❝tr♦♥s✳ ▲❛ ❋✐❣✉r❡ ❬✻✳✼❪ ♣rés❡♥t❡ ❧✬❡s♣❛❝❡ ❞❡ ♣❤❛s❡s X − Px ❞✬é❧❡❝tr♦♥s ❡t
❞✬✐♦♥s✱ ③♦♦♠é s✉r ❧❡ ❢r♦♥t✱ à ❧❛ ✜♥ ❞❡s s✐♠✉❧❛t✐♦♥s ✭Tend✮✳ ❖♥ r❡♣èr❡ ❧❡ ❢r♦♥t ♣❛r ❧❛ ♣♦✐♥t❡
❞❛♥s ❧❡ ♣r♦✜❧ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡t ❞✉ ❝❤❛♠♣ é❧❡❝tr♦st❛t✐q✉❡✱ ❝❡ q✉✐ ♣r♦❝✉r❡ ❧❛ ❜❛r✲
r✐èr❡ é❧❡❝tr♦st❛t✐q✉❡ ❝❛r❛❝tér✐st✐q✉❡✳ ❊♥ ❛✈❛❧✱ ✐❧ ❢❛✉t ❛tt❡♥❞r❡ ✉♥❡ ❞✐st❛♥❝❡ ❞❡ ♣❧✉s✐❡✉rs
r❛②♦♥s ❞❡ ▲❛r♠♦r ❞❡s ✐♦♥s ♣♦✉r q✉❡ ❧❡s ✢✉❝t✉❛t✐♦♥s s♦✐❡♥t ❛♠♦rt✐❡s ❡t ❧❡ ♣❧❛s♠❛ t❤❡r✲
♠❛❧✐sé✳ ▲❡s ❝❤♦❝s ét❛♥t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡s✱ ♥♦♥ ♦✉ ♠♦②❡♥♥❡♠❡♥t r❡❧❛t✐✈✐st❡s ❡t à β ❢❛✐❜❧❡✱
❧❡ ♣r♦❝❡ss✉s ❞✬❛✉t♦✲r❡❢♦r♠❛t✐♦♥ ❞✉ ❢r♦♥t ❡st ♦❜s❡r✈é ❡t ❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝ ❡st ✉♥❡ str✉❝✲
t✉r❡ ♥♦♥✲st❛t✐♦♥♥❛✐r❡ r❡❢♦r♠❛♥t ✉♥ ♥♦✉✈❡❛✉ ❢r♦♥t ❞❡ ♠❛♥✐èr❡ ❝②❝❧✐q✉❡✳ ❈❡ ♣r♦❝❡ss✉s s❡r❛
✶❊♥ ✈❛r✐❛♥t ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ σ ✭s❡❝t✐♦♥ s✉✐✈❛♥t❡✮ ❧❡ t❡♠♣s ❞❡ ❢♦r♠❛t✐♦♥ ✈❛r✐❡ ❝♦♠♠❡ Tform ∝ ω−1ci ∝
τci✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ ❢♦r♠❛t✐♦♥ ♣❛r ré✢❡①✐♦♥ ♠❛❣♥ét✐q✉❡✳
✶✷✹ ✻✳✸✳ ❉➱P❊◆❉❆◆❈❊ γBβB,X
✭❛✮ γbβb = 0.33
Bz
Ex
x
✭❜✮ γbβb = 0.69
✭❝✮ γbβb = 1.43 ✭❞✮ γbβb = 2.95
✭❡✮ γbβb = 6.11 ✭❢✮ γbβb = 20.53
❋✐❣✳ ✻✳✼✿ ❩♦♦♠ s✉r ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝ à ❧❛ ✜♥ ❞❡s s✐♠✉❧❛t✐♦♥s ✶✱✹✱✼✱✶✵✱✶✸ ❡t ✶✽ ❝♦rr❡s♣♦♥❞❛♥t ❛✉①
γbβb = {0.33, 0.69, 1.43, 2.95, 6.11, 20.53} ❡t γshβsh = {0.26, 0.45, 0.82, 1.17, 1.55, 2.30}✳ P♦✐♥ts
❜❧❡✉s ✿ ✐♦♥s ❀ ♣♦✐♥ts ♥♦✐rs ✿ é❧❡❝tr♦♥s ❀ ❝♦✉r❜❡ r♦✉❣❡ ✿ Bz/4 ❀ ❝♦✉r❜❡ ♠❛❣❡♥t❛ ✿ Ex/4✳ ▲❛ ♣❛rt✐❡
❛♠♦♥t ❡st à ❞r♦✐t❡✱ ❛✈❡❝ ❧❛ ❞✐s♣❡rs✐♦♥ t❤❡r♠✐q✉❡ ❞❡s é❧❡❝tr♦♥s ♣❧✉s ❣r❛♥❞❡ q✉❡ ♣♦✉r ❧❡s ✐♦♥s ♣❛r
✉♥ ❢❛❝t❡✉r
√
mi/me ❝❛r Te = Ti ❡♥ ❛♠♦♥t✳ ▲❛ ♣❛rt✐❡ ❛✈❛❧ ❡st à ❣❛✉❝❤❡ ❞❡ ❝❤❛q✉❡ ✜❣✉r❡✳ ❆✉
❝❡♥tr❡ ♦♥ ❞✐st✐♥❣✉❡ ❧❛ ♣rés❡♥❝❡ ❞✉ ♣✐❡❞ ❞✉ ❝❤♦❝ ✭✐♦♥s ré✢é❝❤✐s✮ ❡t ❧❡ ❢r♦♥t ❡st ❞é✜♥✐ ♣❛r ❧❛ ♣♦✐♥t❡
❞❛♥s ❧❡s ♣r♦✜❧s ❞❡ Bz ❡t Ex✱ ✐✳❡✳ ❜❛rr✐èr❡ é❧❡❝tr♦st❛t✐q✉❡✳
❈❍❆P■❚❘❊ ✻✳ ❙■▼❯▲❆❚■❖◆❙ ✶❉ ✶✷✺
❞✐s❝✉té ♣❧✉s ❡♥ ❞ét❛✐❧ ♣❧✉s ❧♦✐♥✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✱ ❧❡s ❢♦♥❝✲
t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❛♥s ❧❛ ré❣✐♦♥ ❛✈❛❧ ♥✬❡①❤✐❜❡♥t ♣❛s ❞❡ ♣❛rt✐❡ ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ❡t ❧❡
♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥ s✉r ♣❧✉s✐❡✉rs ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r ❡♥ é♥❡r❣✐❡ ♥✬❛ ♣❛s été ✐❞❡♥t✐✜é✳
✻✳✸✳✸ ❱✐t❡ss❡ ❞✉ ❝❤♦❝
❋✐❣✳ ✻✳✽✿ ●❛♠♠❛ ❞❡ ▲♦r❡♥t③ ❞✉
❝❤♦❝ γsh ❡st tr❛❝é ❡♥ ❢♦♥❝t✐♦♥ ❞✉ γb✳
▲❡ ❞✐❛❣♥♦st✐❝ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ❝❤♦❝ s❡ ❢❛✐t s✉r ❧❡s
♣r♦✜❧s ❞❡ Bz à ❞❡✉① t❡♠♣s ❞✐✛ér❡♥ts ✭❡♥ ♣r❡♥❛♥t ❧❡
♣❧✉s ❣r❛♥❞ é❝❛rt t❡♠♣♦r❡❧ à ♣❛rt✐r ❞✉ ♠♦♠❡♥t ♦ù
❧❡ ❝❤♦❝ ❡st ❢♦r♠é✮✳ ▲❛ ♣♦✐♥t❡ ❞✉ ♣r♦✜❧ ❞✉ ❝❤❛♠♣
r❡♣èr❡ très ❜✐❡♥ ❧❛ ♣♦s✐t✐♦♥ ❞✉ ❢r♦♥t✱ ♣❡r♠❡tt❛♥t ❞❡
❢❛✐r❡ ✉♥❡ ♠❡s✉r❡ ♣ré❝✐s❡ ❞❡ s❛ ✈✐t❡ss❡✳
❉❛♥s ❧❛ ❋✐❣✉r❡ ✻✳✽✱ ❧❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❞✉ ❝❤♦❝
❡st tr❛❝é ❡♥ ❢♦♥❝t✐♦♥ ❞✉ γb✳ ▲❡ γsh s❛t✉r❡ à ❞❡s ✈❛✲
❧❡✉rs ♠♦❞❡ré❡s ❛✉t♦✉r ❞❡ ✸ ♣♦✉r ✉♥ ❢❛✐s❝❡❛✉ ❞♦♥t ❧❡
❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ✈❛ ❥✉sq✉❡ ✸✵✳ ❈❡tt❡ é✈♦❧✉t✐♦♥ ❡st
s✉❜✲❧✐♥é❛✐r❡ ❝❡ q✉✐ s✐❣♥✐✜❡ q✉✬✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡
γb ♣❛r ✶✵ ❞♦♥♥❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❡♥ γsh ❜❡❛✉❝♦✉♣
♣❧✉s ♣❡t✐t❡ q✉❡ ✶✵✳ ❊♥ ❢❛✐t✱ ❧❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❞✉
❝❤♦❝ é✈♦❧✉❡ à ♣❡✉ ♣rès ❝♦♠♠❡ r❛❝✐♥❡ ❞❡ γb✳ ❈❡❧❛
ét❛✐t ❛tt❡♥❞✉ ❞✬❛♣rès ❧✬éq✉❛t✐♦♥ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧✬✐♠♣✉❧s✐♦♥✳ ▲❡ r❛✐s♦♥♥❡♠❡♥t ❛♣♣r♦①✐✲
♠❛t✐❢ ❡st ❧❡ s✉✐✈❛♥t✳ ❙♦✐t ✉♥ ❢❛✐s❝❡❛✉ ❞❡ ❞❡♥s✐té ❞❡ ♠❛ss❡ mpnb|0✱ ❞❡ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③
γb ❡t ❞❡ ✈✐t❡ss❡ βb✱ ♣é♥étr❛♥t ❞❛♥s ✉♥ ♣❧❛s♠❛ ❛✉ r❡♣♦s✱ ❞❡ ❞❡♥s✐té mpn0✳ ▲✬é✈♦❧✉t✐♦♥
❞✉ s②stè♠❡ ♣r♦❞✉✐t ✉♥ ♣❧❛s♠❛ ❝❤♦q✉é ❛✈❡❝ ✉♥❡ ♣r❡ss✐♦♥ ❝✐♥ét✐q✉❡ Pd ✭✈✉ ❞✉ ré❢ér❡♥t✐❡❧
❝♦✲♠♦❜✐❧❡ ❛♠♦♥t ✿ ❯❘❋✮✱ ✉♥❡ ♣r❡ss✐♦♥ ♠❛❣♥ét✐q✉❡ Pm ❡t s❡ ♣r♦♣❛❣❡❛♥t ❛✈❡❝ ✉♥❡ ✹✲✈✐t❡ss❡
γd|uβd|u✳ ❊♥ ♥é❣❧✐❣❡❛♥t ❧❛ ♣r❡ss✐♦♥ ❞✉ ♣❧❛s♠❛ ❛♠♦♥t ♣❛r r❛♣♣♦rt à ❝❡❧❧❡ ❞✉ ♣❧❛s♠❛ ❛✈❛❧
✭❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❯❘❋✮✱ ❧✬éq✉❛t✐♦♥ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧✬✐♠♣✉❧s✐♦♥ ❡♥tr❡ ❧❡ ❢❛✐s❝❡❛✉✱ ❧❡
♣❧❛s♠❛ ❛✉ r❡♣♦s ❡t ❧❡ ♣❧❛s♠❛ ❛✈❛❧ ♣❡✉t s✬é❝r✐r❡ ✿
wbγ
2
bβ
2
b ≃ wdγ2d|uβ2d|u + Pd + Pm, ✭✻✳✶✮
♦ù wb ❡st ❧✬❡♥t❤❛❧♣✐❡ ❞✉ ❢❛✐s❝❡❛✉ ❡t wd ❡st ❝❡❧❧❡ ❞✉ ♣❧❛s♠❛ ❛✈❛❧✳ ❉❛♥s ❧❡ ❝❛s ❢♦rt❡♠❡♥t
r❡❧❛t✐✈✐st❡ ♦♥ ♣❡✉t ❛♣♣r♦①✐♠❡r wb ≃ mpnb|0c2 ✭❧❛ ♣r❡ss✐♦♥ ✐♥t❡r♥❡ ❞✉ ❢❛✐s❝❡❛✉ ❡st ♥é❣❧✐✲
❣❡❛❜❧❡✮✱ wd = 4Pd ✭♣r❡ss✐♦♥ ✐♥t❡r♥❡ ❞♦♠✐♥❛♥t❡✮✱ γb ≫ 1✱ βb → 1 ❡t γd|u > 1✳ ❆ ❢❛✐❜❧❡
♠❛❣♥ét✐s❛t✐♦♥ ✭σ ≃ 10−3✮ ❧❛ ♣r❡ss✐♦♥ ♠❛❣♥ét✐q✉❡ ❡st ♥é❣❧✐❣❡❛❜❧❡ ❡t ♦♥ ❛ ✿
mpnb|0γ2bc
2 ≃ Pd(1 + γ2d|uβ2d|u). ✭✻✳✷✮
❙❛❝❤❛♥t q✉❡ γd|u → γsh/
√
2 ≫ 1 ❡t βd|u → 1 ❞❛♥s ❧❡ ❝❛s ❢♦rt❡♠❡♥t r❡❧❛t✐✈✐st❡ ✭✈♦✐r
✶✷✻ ✻✳✸✳ ❉➱P❊◆❉❆◆❈❊ γBβB,X
❋✐❣✳ ✻✳✾✿ ❘❛♣♣♦rts ❞❡ ❝♦♠♣r❡ss✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ γb ✭❣❛✉❝❤❡✮ ❡t ❞❡ γsh ✭❞r♦✐t❡✮✳ ▲❡
r❛♣♣♦rt ❞❡ ❝♦♠♣r❡ss✐♦♥ é✈♦❧✉❡ ❝♦♠♠❡ r❛❝✐♥❡ ❞❡ γb ✭❣r❛♣❤❡ ❞❡ ❣❛✉❝❤❡✮ ❡t ❧✐♥é❛✐r❡♠❡♥t
❡♥ ❢♦♥❝t✐♦♥ ❞❡ γsh ✭❣r❛♣❤❡ ❞❡ ❞r♦✐t❡✮✳ ❉❛♥s ❧❡s ❞❡r♥✐èr❡s s✐♠✉❧❛t✐♦♥s ❧❡ ❝❤♦❝ ♥✬❡st ♣❛s
t♦t❛❧❡♠❡♥t ❞é✈❡❧♦♣♣é à Tωpe = 4000 ❡t ❧❡ ❞✐❛❣♥♦st✐❝ ♣ré❝✐s ❞❡ s❛ ✈✐t❡ss❡ ♥✬❛ ♣❛s ♣✉ êtr❡
❢❛✐t✳ ◆♦t♦♥s q✉❡ ❧❡ ré❣✐♠❡ très r❡❧❛t✐✈✐st❡ ♥✬❡st ♣❛s ❛tt❡✐♥t✱ ❡t ♦♥ ♥❡ ♣❡✉t ❡♥ t✐r❡r ❞❡
r❡❧❛t✐♦♥ ❛s②♠♣t♦t✐q✉❡✳
❈❤❛♣✐tr❡ ✷✮✱ ❡♥ ✈❡rt✉ ❞❡ ❧❛ tr❛♥s❢♦r♠❛t✐♦♥ ❞❡ ▲♦r❡♥t③✱ ❡t Pd ≃ mpn0γ2shc2✱ ♦♥ ❛ ❛❧♦rs ✿
mpnb|0γ2b ≃ mpn0γ2shc2(1 + γ2shβ2d|u/2) ✭✻✳✸✮
❡t ❧✬é✈♦❧✉t✐♦♥ ♦❜t❡♥✉❡ γ2b ∝ γ4sh ❝♦rr❡s♣♦♥❞ ❜✐❡♥ à ❝❡❧❧❡ q✉✐ ❡st ✈✉❡ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ✿
γsh ∝ √γb✳
✻✳✸✳✹ ❙❛✉t ❞❡ ❞❡♥s✐tés
▲❡ s❛✉t ❞❡ ❞❡♥s✐tés ❡♥tr❡ ❧❡ ♠✐❧✐❡✉ ❛♠♦♥t ❡t ❧❡ ♠✐❧✐❡✉ ❛✈❛❧ ❛ été ❛♥❛❧②sé ♣♦✉r t♦✉t❡s ❧❡s
s✐♠✉❧❛t✐♦♥s✳ ▲❡ r❛♣♣♦rt ❞❡ ❝♦♠♣r❡ss✐♦♥ nd/nu ✈❛r✐❡ ❡♥tr❡ ✷✳✷✺ ✭Vsh = 0.77✱MA ∼ 5✮ ❡t ✶✻
✭VS = 2.8✮✳ ❉❛♥s ❧❛ ❋✐❣✉r❡ ✻✳✾ s♦♥t tr❛❝és ❧❡s r❛♣♣♦rts ❞❡ ❝♦♠♣r❡ss✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ γb
✭❣r❛♣❤❡ ❞❡ ❣❛✉❝❤❡✮ ❡t ❞❡ γsh ✭❣r❛♣❤❡ ❞❡ ❞r♦✐t❡✮✳ ❖♥ ❡st✐♠❡ q✉❡ ❧❡ r❛♣♣♦rt ❞❡ ❝♦♠♣r❡ss✐♦♥
é✈♦❧✉❡ ❝♦♠♠❡ r❛❝✐♥❡ ❞❡ γb ❡t ❧✐♥é❛✐r❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ γsh✳ ❉❛♥s ❧❡ ré❣✐♠❡ ❢♦rt❡♠❡♥t
r❡❧❛t✐✈✐st❡ ♦♥ s✬❛tt❡♥❞ à ❛✈♦✐r nd/nu ≃ γsh✱ ét❛♥t ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❛♠♦♥t✱ ❯❘❋✳ ❖♥ ✈♦✐t
q✉❡ ♠ê♠❡ ❞❛♥s ❧❡ ré❣✐♠❡ ♠♦❞éré♠❡♥t r❡❧❛t✐✈✐st❡ ♦♥ ❛tt❡✐♥t ❞é❥à ✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✱
❛tt❡♥❞✉ ♣♦✉r ❧❡ ré❣✐♠❡ ✉❧tr❛✲r❡❧❛t✐✈✐st❡✳
✻✳✸✳✺ ❈❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s
▲❡ ❝❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s ❞❛♥s ❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝ ❡st ♥♦♥✲❛❞✐❛❜❛t✐q✉❡✱ ❧❡ ♣❧❛s♠❛ ét❛♥t
♥♦♥✲❝♦❧❧✐s✐♦♥♥❡❧ ❡t ✉♥❡ ✐♥st❛❜✐❧✐té ét❛♥t à s♦♥ ♦r✐❣✐♥❡✳ ▲❡ ♣✐❡❞ ❡st ❝♦♠♣♦sé ❞✬✉♥❡ s❡✉❧❡
♣♦♣✉❧❛t✐♦♥ ❞✬é❧❡❝tr♦♥s ✐♥❝✐❞❡♥ts ✭♥♦té❡ ♣❛r ❧❛ s✉✐t❡ ✿ ■❡✮ ❡t ❞❡ ♣❧✉s✐❡✉rs ♣♦♣✉❧❛t✐♦♥s
❈❍❆P■❚❘❊ ✻✳ ❙■▼❯▲❆❚■❖◆❙ ✶❉ ✶✷✼
❞✬✐♦♥s ✿ ♣❛rt✐❡ ✐♥❝✐❞❡♥t❡ ❢r♦✐❞❡ ✭■✐✮ ❡t ❧❛ ❢r❛❝t✐♦♥ ❞✬✐♦♥s ré✢é❝❤✐s ✭❘✮✳ ❉❛♥s ❧❡ ré❢ér❡♥t✐❡❧
❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❧❡ ❝♦✉r❛♥t t♦t❛❧❡ ❡st ♥✉❧ ❞❛♥s ❧❡ ♣✐❡❞✳ ▲❡ ❝❤♦❝ s❡ ♣r♦♣❛❣❡ ❛✈❡❝ ✉♥❡
✈✐t❡ss❡ +Vshex ❡t ❧❡s ✐♦♥s ré✢é❝❤✐s ❛❝q✉✐èr❡♥t ✉♥❡ ✹✲✈✐t❡ss❡ ≃ 2γshVshex✳ ▲❡✉r ❞✐s♣❡rs✐♦♥
t❤❡r♠✐q✉❡ ❡st ♥é❣❧✐❣❡❛❜❧❡✳ ❈❡tt❡ ❝♦♥✜❣✉r❛t✐♦♥ ❡st ✐♥st❛❜❧❡ ❡t ❧✬✐♥t❡r❛❝t✐♦♥ ❧❛ ♣❧✉s r❛♣✐❞❡
❡st ❡♥tr❡ ❧❡s é❧❡❝tr♦♥s ■❡ ❡t ❧❡s ✐♦♥s ❘ ✿ ✐❧ s✬❛❣✐t ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❇✉♥❡♠❛♥ ❡♥ ♣rés❡♥❝❡
❞✬✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡✳ ❊♥ ♣r✐♥❝✐♣❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❇✉♥❡♠❛♥ s❡ ❞é❝❧❡♥❝❤❡ q✉❛♥❞
❧❛ ✈✐t❡ss❡ ❞❡ ❞ér✐✈❡ ❡♥tr❡ ✐♦♥s ❡t é❧❡❝tr♦♥s ❡st ♣❧✉s ❣r❛♥❞❡ q✉❡ ❧❛ ✈✐t❡ss❡ t❤❡r♠✐q✉❡ ❞❡s
é❧❡❝tr♦♥s✳ ❈✬❡st ❧❡ ❝❛s ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s s✐♠✉❧❛t✐♦♥s ♣✉✐sq✉❡ ❧❛ ✈✐t❡ss❡ t❤❡r♠✐q✉❡ ❞❡s
é❧❡❝tr♦♥s ❡st v˜th,e = 0.2 ❡t ❧❛ ✈✐t❡ss❡ ❞❡s ❝❤♦❝s ❡st t♦✉❥♦✉rs s✉♣ér✐❡✉r❡ à ❝❡tt❡ ✈❛❧❡✉r✳ ❖♥
♣❡✉t ❧❡ ✈♦✐r ❞❛♥s ❧❛ ✜❣✉r❡ ✻✳✼ ♦ù ❧✬✐♠♣✉❧s✐♦♥ ❞❡s ✐♦♥s ❘ ❡st t♦✉❥♦✉rs ❛✉ ❞❡ss✉s ❞✉ ♥✐✈❡❛✉
❞❡s é❧❡❝tr♦♥s t❤❡r♠✐q✉❡s ❡♥ ❛♠♦♥t✳
▲❡ ❝❤♦✐① ❞✉ r❛♣♣♦rt ❞❡ ♠❛ss❡ ❛rt✐✜❝✐❡❧ ✈✐❡♥t ❥♦✉❡r ✉♥ rô❧❡ ❛✉ss✐✱ ❡♥ ❛❜❛✐ss❛♥t ❧❡ ❝r✐tèr❡
❞✬✐♥st❛❜✐❧✐té ❛✉① ♣❧✉s ❜❛ss❡s ✈✐t❡ss❡s ❞❡ ❞ér✐✈❡ s✐ mi/me ❡st ♣❧✉s ♣❡t✐t q✉❡ ❧❡ r❛♣♣♦rt
ré❡❧✳ ❙✐ ♦♥ r❡✈✐❡♥t ❛✉ ❝r✐tèr❡ ❞❡ ❜❛s❡ ✿
(
vd
vthx,e
)2
me
mi
> 1 ✱ ♦♥ tr♦✉✈❡ q✉❡ ❧✬✐♥st❛❜✐❧✐té s❡
❞é❝❧❡♥❝❤❡ q✉❛♥❞ vd > 2✱ ❝❡ q✉✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s s✐♠✉❧❛t✐♦♥s✳ P♦✉r ✉♥ r❛♣♣♦rt ❞❡
♠❛ss❡ ré❛❧✐st❡✱ ❧✬❛r❣✉♠❡♥t ❡♥ ❢❛✈❡✉r ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❇✉♥❡♠❛♥ ❞❛♥s ❧❡s
❝❤♦❝s ❛✉ss✐ r❛♣✐❞❡s ❡st q✉❡ ♥♦tr❡ r❛♣♣♦rt c/cs ❡st ♣❡t✐t✳ ❉❛♥s ❧❡ ❝❛s ré❛❧✐st❡✱ ✐❧ s❡r❛ ré❞✉✐t
♣❛r ✉♥ ❢❛❝t❡✉r ✶✵✵ ❡t ✉♥ ❝❤♦❝ ❛✈❡❝ Vsh/c ≥ 0.1 ré✉♥✐t t♦✉t❡s ❧❡s ❝♦♥❞✐t✐♦♥s ♣♦✉r q✉❡
❧✬✐♥st❛❜✐❧✐té s♦✐t ♣rés❡♥t❡✳
❉❛♥s ❧❡s ♣rés❡♥t❡s s✐♠✉❧❛t✐♦♥s✱ ❧❡ ❝❤♦✐① ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡ c˜ = 3 ❡t ❞✉ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ B0 = 1.5 ✭✈✐t❡ss❡ ❞✬❆❧❢✈é♥ VA = 0.15✮ ✐♠♣❧✐q✉❡ q✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ▼❛❝❤
❆❧❢✈é♥✐q✉❡ ♠❛①✐♠❛❧ ❡st ✷✵✳ ❈❡ ♥♦♠❜r❡ ❧✐♠✐t❡ s❡♥s✐❜❧❡♠❡♥t ❧❡ ♥✐✈❡❛✉ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡
❇✉♥❡♠❛♥ ❀ ❧❡ ❝❤❛✉✛❛❣❡ q✉❡ ♥♦✉s ♦❜s❡r✈♦♥s ❡st ✉♥❡ ❧✐♠✐t❡ à ❢♦rt❡ ♠❛❣♥ét✐s❛t✐♦♥✳ ❉❡s
s✐♠✉❧❛t✐♦♥s ❞é❞✐é❡s à ❧✬✐♥st❛❜✐❧✐té ❞❡ ❇✉♥❡♠❛♥✱ ♣r❡♥❛♥t ✉♥❡ ❝♦♠♣♦s❛♥t❡ ✐♦♥✐q✉❡ ❡♥ ❢♦rt❡
❞ér✐✈❡ ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛s♠❛ ❛✉ r❡♣♦s✱ ♠♦♥tr❡♥t q✉❡ ❧❡s é❧❡❝tr♦♥s s♦♥t ♠♦✐♥s ❝❤❛✉✛é❡s
q✉❛♥❞ ❧❡ ♠✐❧✐❡✉ ❡st ♠❛❣♥ét✐sé ✭ωpe/ωce = 2✮ q✉❡ ❧♦rsq✉❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡st ❛❜s❡♥t
✭rés✉❧t❛ts ♥♦♥ ♠♦♥trés ✐❝✐✮✳
❯♥ ❝❤❛✉✛❛❣❡ é❧❡❝tr♦♥✐q✉❡ r❡❧❛t✐✈❡♠❡♥t ✐♠♣♦rt❛♥t ❡st ♣♦✉rt❛♥t ♦❜s❡r✈é ❞❛♥s ❧❡ ♣✐❡❞
❞✉ ❝❤♦❝ ❡t ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❛✈❛❧ ♦♥ ❛ s②sté♠❛t✐q✉❡♠❡♥t Te/Ti ≪ 1 ✭ ❝♦♠♣r✐s ❡♥tr❡ ✵✳✵✶ ❡t
✵✳✶✮ ❀ ❧❡s é❧❡❝tr♦♥s ♥✬❛tt❡✐❣♥❡♥t ❥❛♠❛✐s ❧✬éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ✐♦♥s✳ ▲❡ ♥✐✈❡❛✉ ❞❡ ❝❤❛✉✛❛❣❡
♦❜s❡r✈é ét❛♥t ❞❡ ❧✬♦r❞r❡ ❞❡ Te,aval ∼ γshmec2✳ P❛r ❛✐❧❧❡✉rs✱ ❥❡ ♥✬♦❜s❡r✈❡ ♣❛s ❞✬♦♥❞❡ é❧❡❝tr♦✲
st❛t✐q✉❡ s♦❧✐t❛✐r❡✱ ✈✉❡ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❍♦s❤✐♥♦ ✫ ❙❤✐♠❛❞❛ ✷✵✵✷ ❬✺❪✳ ❈✬❡st ❡♥❝♦r❡
✉♥ ❡✛❡t ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ q✉✐ ♥❡ ♣❡r♠❡t ♣❛s ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❝❡s str✉❝t✉r❡s
✭✐✳❡✳ ❝♦♥✜r♠é ♣❛r ❧❡s s✐♠✉❧❛t✐♦♥s ♣ér✐♦❞✐q✉❡s ❞é❞✐é❡s✱ ✈♦✐r ❛✉ss✐ ❬✶✵❪✮✳ ❆ ♠❛❣♥ét✐s❛t✐♦♥
♣❧✉s ❜❛ss❡ ❡t ✈✐t❡ss❡ ❞❡ ❝❤♦❝ ✐❞❡♥t✐q✉❡ ❧❡ ❝❤❛✉✛❛❣❡ s❡r❛ ♣❧✉s ❢♦rt✳
✶✷✽ ✻✳✸✳ ❉➱P❊◆❉❆◆❈❊ γBβB,X
✭❛✮ t❂✷✹✵✵ ✭❜✮ t❂✷✺✷✵
✭❝✮ t❂✷✻✽✵ ✭❞✮ t❂✷✽✹✵
❋✐❣✳ ✻✳✶✵✿ ◗✉❛tr❡ ét❛♣❡s ❞✬❛✉t♦✲r❡❢♦r♠❛t✐♦♥ ♣♦✉r ❧❡ ❝❤♦❝ Vsh/c = 0.76✱ ❞♦♥t ♦♥ ♣rés❡♥t❡
❧✬❡s♣❛❝❡ ❞❡s ♣❤❛s❡s X − Px✳ ▲❡s ✐♦♥s s♦♥t ❡♥ ♣♦✐♥ts ❜❧❡✉s ❡t é❧❡❝tr♦♥s ❡♥ ♣♦✐♥ts ♥♦✐rs✳
✻✳✸✳✻ ◆♦♥✲st❛t✐♦♥♥❛r✐té ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝
▲❛ ♣❤❛s❡ s✉✐✈❛♥t❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s ré✢é❝❤✐s ❡t ❧❡ ♣❧❛s♠❛ ❛♠♦♥t
♠❡t ❡♥ ❥❡✉ ❧❡s ✐♦♥s ✐♥❝✐❞❡♥ts✳ ▲❛ s✉r♣r❡ss✐♦♥✱ ❞✉❡ à ❧❛ ♣r❡s❡♥❝❡ ❞✬✐♦♥s ❘✱ ❡①❡r❝é❡ s✉r ❧❡
♠✐❧✐❡✉ ❛♠♦♥t✱ ❝♦♥❞✉✐t à ❧✬❛❝❝é❧ér❛t✐♦♥ ❡t t❤❡r♠❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❡ ❞❡s ✐♦♥s ✐♥❝✐❞❡♥ts
✭■✐✮✳ ❈❡ ♣r♦❝❡ss✉s ❝♦♥❞✉✐t à ❧✬❛✉t♦✲r❡❢♦r♠❛t✐♦♥ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✳ ❉❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s
♣rés❡♥t❡s✱ ❧❡ ♣r♦❝❡ss✉s ❞❡ r❡❢♦r♠❛t✐♦♥ s✉✐t ❧❡s ♠ê♠❡s ét❛♣❡s q✉❡ ❞❛♥s ▲❡♠❜è❣❡ ✫ ❉❛✇s♦♥
❬✸❪ ❡t ❍❛❞❛ ❡t ❛❧✳❬✹❪ ✭ ♣♦✉r ✉♥ ❝❤♦❝ ♥♦♥✲r❡❧❛t✐✈✐st❡✮✳ ❉é❝r✐✈♦♥s✲❧❡s ♣❧✉s ❡♥ ❞ét❛✐❧✳
❛ ■♥✐t✐❛❧❡♠❡♥t✱ ✉♥❡ ❢♦✐s ❧❡ ❝❤♦❝ ❢♦r♠é✱ ❧❡s ✐♦♥s ❝♦♠♠❡♥❝❡♥t à s❡ ré✢é❝❤✐r ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛
r❛♠♣❡✳ ▲❡s ✐♦♥s ❞✉ ❝②❝❧❡ ♣ré❝é❞❡♥t s♦♥t ❣r❛❞✉❡❧❧❡♠❡♥t r❛ttr❛♣és ♣❛r ❧❡ ❝❤♦❝✳
❜ ❆❝❝✉♠✉❧❛t✐♦♥ ❞❡ ❝❡s ✐♦♥s ❞❛♥s ❧❡ ♣✐❡❞✳
❝ ▲❛ s✉r♣r❡ss✐♦♥ ❡①❡r❝é❡ ❝♦♥❞✉✐t à ❧✬❛❝❝é❧ér❛t✐♦♥ ❣❧♦❜❛❧❡ ❞❡s ✐♦♥s ✐♥❝✐❞❡♥ts ✭❞ér✐✈❡ ❞✬❡♥✲
s❡♠❜❧❡ ❞❛♥s ❧❡ ♣r♦✜❧ ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❤❛s❡s ❛✉ ♥✐✈❡❛✉ ❞✉ ♣✐❡❞✮✱ ❛❝❝♦♠♣❛❣♥é❡ ❞✉ r❛✐❞✐s✲
❈❍❆P■❚❘❊ ✻✳ ❙■▼❯▲❆❚■❖◆❙ ✶❉ ✶✷✾
❋✐❣✳ ✻✳✶✶✿ ❊s♣❛❝❡ ❞❡s ♣❤❛s❡s X−Px✱ ③♦♦♠é s✉r ❢r♦♥t ❞❡ ❝❤♦❝ à ❧❛ ✜♥ ❞❡s s✐♠✉❧❛t✐♦♥s ❛✈❡❝
σ = 3.4 · 10−3 ✭❣❛✉❝❤❡✮ ❡t σ = 0.07 ✭❞r♦✐t❡✮✳ ▲✬❛♠♣❧✐t✉❞❡ ❞❡s Px ❞❡s é❧❡❝tr♦♥s ✭♣♦✐♥ts
♥♦✐rs✮ ❡st ❞✐✈✐sé❡ ♣❛r
√
mi/me ❛✜♥ ❞❡ ♠❡ttr❡ ❧❛ ❞✐s♣❡rs✐♦♥ ❡♥ ✈✐t❡ss❡s ❡♥ ❛♠♦♥t ❛✉ ♠ê♠❡
♥✐✈❡❛✉ ❛✈❡❝ ❧❡s ✐♦♥s✳
s❡♠❡♥t ❞✉ ❜♦r❞ ❛♠♦♥t ❞✉ ♣✐❡❞ ❡t ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ♥♦✉✈❡❧❧❡ r❛♠♣❡✳ ❉é❜✉t ❞❡ ❢♦r♠❛t✐♦♥
❞❡ ♥♦✉✈❡❛✉ ❢r♦♥t✳
❞ ❈♦❧❧❛♣s❡ ❞❡ ❧✬❛♥❝✐❡♥ r❛♠♣❡✱ ❧❡s ✐♦♥s ❛♥❝✐❡♥♥❡♠❡♥t ré✢é❝❤✐s s❡ ❢♦♥t r❛ttr❛♣❡r ♣❛r ❧❡
♥♦✉✈❡❛✉ ❢r♦♥t ❡t ✉♥ ♥♦✉✈❡❛✉ ❝②❝❧❡ ❝♦♠♠❡♥❝❡✳
❈❡s q✉❛tr❡ ét❛♣❡s s♦♥t r❡♣rés❡♥té❡s ❞❛♥s ❧❛ ✜❣✉r❡ ✻✳✶✵ ♣♦✉r ❧❡ ❝❤♦❝ ❛✈❡❝ Vsh/c = 0.76✱
γsh = 1.53 ❡t MA = 15.4✳
▲❡ t❡♠♣s ❞❡ r❡❢♦r♠❛t✐♦♥ ❡st ✉♥❡ ❢r❛❝t✐♦♥ ❞✉ t❡♠♣s ❞❡ ▲❛r♠♦r ❞❡s ✐♦♥s ❛♠♦♥t ✿
τref ∼ τci/3 ≃ 2ωci✳ ▲✬ét❡♥❞✉❡ ♠❛①✐♠❛❧❡ ❞✉ ♣✐❡❞ ❡st ✉♥❡ ❢r❛❝t✐♦♥ ❞❡ r❛②♦♥ ❞❡ ▲❛r♠♦r
❞❡s ✐♦♥s ❛♠♦♥t ≃ r¯Li,amont/5✳ ❈❡s q✉❛♥t✐tés s❡♠❜❧❡♥t ✈❛r✐❡r ♣❡✉ ❛✈❡❝ ❧❛ ✈✐t❡ss❡ ❞✉ ❝❤♦❝
♠❛✐s ❧❡ ♣r♦❝❡ss✉s ❞❡✈✐❡♥t ♣❧✉s ❝♦♠♣❧❡①❡ q✉❛♥❞ Vsh → c ❛✈❡❝ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ s♦✉s✲❢r♦♥ts✳
❉❛♥s ❧❛ ❧✐♠✐t❡ ✉❧tr❛✲r❡❧❛t✐✈✐st❡ ❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝ ❞❡✈✐❡♥t très ❝♦✉rt ≃ r¯Li,amont/γ3sh
✭✈♦✐r ❡✳❣✳ ❬✶✶❪✮ ❡t ❧❡s ❡✛❡ts tr❛♥s✈❡rs❡s ❞❡✈r❛✐❡♥t ❞❡✈❡♥✐r ✐♠♣♦rt❛♥ts ❞❛♥s ❧❡ ♣r♦❝❡ss✉s ❞❡
❞✐ss✐♣❛t✐♦♥✳
✻✳✹ ❊✛❡t ❞❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥
▲✬❛✉tr❡ ♣❛r❛♠ètr❡ ✐♠♣♦rt❛♥t ♣♦✉r ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ❡st ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❞✉ ♠✐❧✐❡✉
❛♠❜✐❛♥t σ = B2/(8πmpc2) = (ωci/ωpi)
2✳ ❯♥❡ sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥s ❞✐✛ér❡♥t❡s ❛ été ♠❡♥é❡
❡♥ ✈❛r✐❛♥t ❝❡ ♣❛r❛♠ètr❡ s✉r ❞❡✉① ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r ♣♦✉r ✈♦✐r s♦♥ ✐♥✢✉❡♥❝❡ s✉r ❧❛
str✉❝t✉r❡ ❞✉ ❝❤♦❝✳ ▲❛ ♠ét❤♦❞❡ ❡st t♦✉❥♦✉rs ❝❡❧❧❡ ❞✬✐♥❥❡❝t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉ ❞❛♥s ❧❡ ♣❧❛s♠❛ ❛✉
r❡♣♦s✳ ▲❡s ♣❛r❛♠ètr❡s ♣♦✉r ❧❡s s✐♠✉❧❛t✐♦♥s s♦♥t ❧❡s s✉✐✈❛♥ts ✿ mi/me = 200✱ Ti/Te = 2/3✱
θB = 90
◦✱ n0 = 100 ♣❛rt✳✴∆✴❡s♣è❝❡✱ nb = 200 ❡t ❧❡ ❢❛✐s❝❡❛✉ ❡st ✐♥❥❡❝té ❛✈❡❝ γbβb = 10
❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ +x✳
✶✸✵ ✻✳✹✳ ❊❋❋❊❚ ❉❊ ▲❆ ▼❆●◆➱❚■❙❆❚■❖◆
▲❡ ❝❤♦❝ s❡ ❢♦r♠❡ t♦✉❥♦✉rs ♣❛r r❛❧❡♥t✐ss❡♠❡♥t ❞✉ ❢❛✐s❝❡❛✉ ❡t ❛❝❝é❧ér❛t✐♦♥ ❞✉ ♣❧❛s♠❛
❛✉ r❡♣♦s ✿ ré✢❡①✐♦♥ ♠❛❣♥ét✐q✉❡ ❀ ❡t ❧❡ t❡♠♣s ❞❡ s❛ ❢♦r♠❛t✐♦♥ ❡st ♣r♦♣♦rt✐♦♥♥❡❧ ❛✉ t❡♠♣s
❝②❝❧♦tr♦♥ ❞❡s ✐♦♥s Tform ∝ ω−1ci ✳ ❚♦✉s ❧❡s ❝❤♦❝s ♦♥t à ♣❡✉ ♣rès ❧❛ ♠ê♠❡ ✈✐t❡ss❡ ❡t γsh ≃ 2
❛✈❡❝ ✉♥ ❧é❣❡r r❛❧❡♥t✐ss❡♠❡♥t à ❢♦rt❡ ♠❛❣♥ét✐s❛t✐♦♥✳ ❖♥ ❡st ❞♦♥❝ ❞❛♥s ✉♥ ré❣✐♠❡ ♠♦❞éré✲
♠❡♥t r❡❧❛t✐✈✐st❡✳
▲♦rsq✉❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❡st ❢❛✐❜❧❡ σ ∼ 10−3 ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ❡st ❧❛ ♠ê♠❡ q✉❡
❞❛♥s ❧✬ét✉❞❡ ♣ré❝é❞❡♥t❡ ✿ ❧❛ r❛♠♣❡ ❡t ♣✐❡❞ ❞✉ ❝❤♦❝✱ ❝❛r❛❝tér✐sé ♣❛r ✉♥ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s ré✢é✲
❝❤✐s✱ ❝♦♥❞✐t✐♦♥♥❡ ❧❛ tr❛♥s✐t✐♦♥ ❛✉ ❝❤♦❝✱ ❧❡ ❝❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s ❡t ❧✬❛✉t♦✲r❡❢♦r♠❛t✐♦♥ ❞✉
❝❤♦❝✳ ❆ ♠❛❣♥ét✐s❛t✐♦♥ ❝r♦✐ss❛♥t❡✱ ❧❡ ❢r♦♥t ❡st ❞é✜♥✐ ♣❛r ✉♥ ❜♦✉❝❧❡ ❝②❝❧♦tr♦♥ ✐♦♥✐q✉❡ ❝♦❤é✲
r❡♥t❡✱ ❛❝❝♦♠♣❛❣♥é❡ ❞❡ ❧✬é♠✐ss✐♦♥ ❞✬✉♥❡ ♦♥❞❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❞❡ ❣r❛♥❞❡ ❛♠♣❧✐t✉❞❡✳ ❖♥
r❡tr♦✉✈❡ ✐❝✐ ❧❛ ♠ê♠❡ str✉❝t✉r❡ ❞✉ ❝❤♦❝ q✉❡ ❝❡❧❧❡✱ ♣ré❞✐t❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ♣❧❛s♠❛ é❧❡❝tr♦♥s✲
♣♦s✐tr♦♥s ♣❛r ❆❧s♦♣ ✫ ❆r♦♥s ❬✶✷❪ ❡t s✐♠✉❧é❡ ♣❛r ●❛❧❧❛♥t ❡t ❛❧✳ ❬✶✸❪✳ ❙❛✉❢ q✉❡ ❧❛ ❜♦✉❝❧❡
❝♦❤ér❡♥t❡ s❡ ❢❛✐t à ❧✬é❝❤❡❧❧❡ ✐♦♥✐q✉❡✳ ▲❡ ♠✐❧✐❡✉ ❛✈❛❧ s❡ ♠❡t ❡♥ ♣❧❛❝❡ ♣❛r ❛♠♦rt✐ss❡♠❡♥t
❡t ❞❡str✉❝t✐♦♥ ❞❡ ❧❛ ❜♦✉❝❧❡ ❝②❝❧♦tr♦♥ ❝♦❤ér❡♥t❡✱ ❡♥ ✉♥❡ ❞✐st❛♥❝❡ ❞❡ q✉❡❧q✉❡s r❛②♦♥s ❞❡
▲❛r♠♦r✳ ❯♥ ♣ré❝✉rs❡✉r é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❡st é♠✐s ♣❛r ❧❡ ❢r♦♥t✱ s❡ ♣r♦♣❛❣❡❛♥t à ❧❛ ✈✐t❡ss❡
❞❡ ❧❛ ❧✉♠✐èr❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❛♠♦♥t✱ ♣ré❝❤❛✉✛❛♥t ❧❡s é❧❡❝tr♦♥s✳ ▲❡ ♠é❝❛♥✐s♠❡ à ❧✬♦r✐❣✐♥❡
❞❡ ❧✬é♠✐ss✐♦♥ ❡st ❧✬✐♥st❛❜✐❧✐té ▼❛s❡r ❙②♥❝❤r♦tr♦♥✳ ▲✬❛♠♣❧✐t✉❞❡ ❞✉ ♣ré❝✉rs❡✉r ❣r❛♥❞✐t ❛✈❡❝
❧❛ ♠❛❣♥ét✐s❛t✐♦♥✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ▲②✉❜❛rs❦② ❬✶✹❪ ♦ù ❧❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡
❞❡ ❧✬✐♥st❛❜✐❧✐té ❡st ♣r♦♣♦rt✐♦♥♥❡❧ à ω2/3ci ✱ ❞❛♥s ❧❛ ❧✐♠✐t❡ ωci ≫ ωpi✳ ▲❡ ❝❤❛✉✛❛❣❡ ❞❡s é❧❡❝✲
tr♦♥s ❞❡✈✐❡♥t très ✐♠♣♦rt❛♥t ❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝ ❡t ❧❡s é❧❡❝tr♦♥s s♦♥t ❡♥ s✉❜✲éq✉✐♣❛rt✐t✐♦♥
❛✈❡❝ ❧❡s ✐♦♥s à σ = 0.11 ❡t γsh ≃ 2 ✿ Te ∼ 0.5Ti✳ ❈❡ ❝❤❛✉✛❛❣❡ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ❢♦rt q✉❡
❞❛♥s ❧❡s ❝❛s à ♠❛❣♥ét✐s❛t✐♦♥ ♣❧✉s ❢❛✐❜❧❡✱ ♦ù ❧❡s é❧❡❝tr♦♥s s♦♥t ❝❤❛✉✛és ♣❛r ❧✬✐♥st❛❜✐❧✐té ❞❡
❇✉♥❡♠❛♥✳
▲❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ré❣✐♠❡s ❞❡ ♠❛❣♥ét✐s❛t✐♦♥ s❡ ❢❛✐t ❛✉t♦✉r ❞❡ σ ∼ 10−2✱
❝❡ q✉✐ ❡st ✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ♣❧✉s ❤❛✉t q✉❡ ❧❛ ✈❛❧❡✉r ❞♦♥♥é❡ ♣❛r ❬✶✺❪✳ ❚♦✉t❡❢♦✐s✱ ❧❡s
s✐♠✉❧❛t✐♦♥s s♦♥t ❜✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡s ❞❡ ❬✶✺❪ ❡t s♦♥t ❢❛✐t❡s à γsh ≫ 1✳ ❆ ❜❛ss❡ ♠❛❣♥ét✐✲
s❛t✐♦♥ ❧❡s ❝❤♦❝s s♦♥t ❣♦✉✈❡r♥és ♣❛r ❧✬✐♥st❛❜✐❧✐té ❞❡ ✜❧❛♠❡♥t❛t✐♦♥ ✭♥♦♥ ❛❝❝❡ss✐❜❧❡s ❞❛♥s
✉♥❡ s✐♠✉❧❛t✐♦♥ ✶❉✮ ❛❧♦rs q✉✬✐❝✐ ✉♥❡ str✉❝t✉r❡ ❞✐✛ér❡♥t❡ ❡st ❡♥ ♣❧❛❝❡✳ P♦✉r ✉♥ ❝❤♦❝ ♠♦✲
❞éré♠❡♥t r❡❧❛t✐✈✐st❡✱ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ❡st ♠♦✐♥❞r❡ ❝❛r s♦♥ t❛✉①
❞❡ ❝r♦✐ss❛♥❝❡ ❞❡✈✐❡♥t ♣❧✉s ❢❛✐❜❧❡ ❡t ❝♦♠♣❛r❛❜❧❡ à ❝❡❧✉✐ ❞❡ ❧✬✐♥st❛❜✐❧✐té à ❞❡✉① ❢❛✐s❝❡❛✉①
✭❡♥tr❡ ❧❡s ✐♦♥s ré✢é❝❤✐s ❡t ✐♦♥s ✐♥❝✐❞❡♥ts✴é❧❡❝tr♦♥s ✐♥❝✐❞❡♥ts✮ ❡t ❞❡ ❇✉♥❡♠❛♥✱ t♦✉t❡s ❧❡s
❞❡✉① ♣✉r❡♠❡♥t ❧♦♥❣✐t✉❞✐♥❛❧❡s✳ ❉✬❛✉tr❡ ♣❛rt✱ ❞❛♥s ❧❡ ❝❛s ♥♦♥✲r❡❧❛t✐✈✐st❡✱ ❧✬✐♥st❛❜✐❧✐té ❞❡
❲❡✐❜❡❧ ❞❡✈✐❡♥t s♦✉s✲❞♦♠✐♥❛♥t❡✳ ▲❛ ♣rés❡♥t❡ ét✉❞❡ s✉❣❣èr❡ q✉❡ ❧❡ ré❣✐♠❡ ❞❡ ❝❤♦❝ ♦❜t❡♥✉
✐❝✐ ❡st r❡❧❡✈❛♥t ❞❛♥s ❧❡ ❝❛s ❞❡s ❝❤♦❝s à ♠❛❣♥ét✐s❛t✐♦♥ ❛ss❡③ ❣r❛♥❞❡ σ ≫ 10−4 ❡t ❢❛❝t❡✉r ❞❡
▲♦r❡♥t③ ♠♦❞éré✳ ❚♦✉t❡❢♦✐s✱ ✐❧ ❢❛✉❞r❛ ♣r♦❝é❞❡r à ✉♥❡ ✐♥✈❡st✐❣❛t✐♦♥ ♠✉❧t✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡
❞❛♥s ❝❡ ré❣✐♠❡ ♣♦✉r tr❛♥❝❤❡r ❧❛ q✉❡st✐♦♥✳
▲❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ é❧❡❝tr♦♥✐q✉❡✱ ♠❡s✉ré❡ ❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝✱ ✭❋✐❣✳ ✻✳✶✷✮ ♥❡
♠♦♥tr❡ ♣❛s ❞✬é✈✐❞❡♥❝❡ ❞✬❛❝❝é❧ér❛t✐♦♥ ❡t ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ✉♥❡ ♠❛①✇❡❧❧✐❡♥♥❡ r❡❧❛t✐✈✐st❡✳
❈❍❆P■❚❘❊ ✻✳ ❙■▼❯▲❆❚■❖◆❙ ✶❉ ✶✸✶
❋✐❣✳ ✻✳✶✷✿ ❋♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ f(γ) ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❛✈❛❧ ♣♦✉r ❧❡s ❝❤♦❝s à ❢♦rt❡
♠❛❣♥ét✐s❛t✐♦♥ ❡t σ = 0.11 ❡t γsh = 2.72, 3.01 ❡t 4.11 ♣♦✉r ❧❡s ✐♥❞❡①❡s ✶✼✱ ✶✽ ❡t ✶✾✱
r❡s♣❡❝t✐✈❡♠❡♥t✳ ➱❧❡❝tr♦♥s ❞❛♥s ❧❡ ❣r❛♣❤❡ ❞❡ ❣❛✉❝❤❡ ❡t ✐♦♥s ❞❛♥s ❧❡ ❣r❛♣❤❡ ❞❡ ❞r♦✐t❡✳
❈❡❧❧❡ ❞❡s ✐♦♥s s❡♠❜❧❡ ❢♦r♠❡r ✉♥❡ ❧♦✐ ❡♥ ♣✉✐ss❛♥❝❡ s✉r ✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❡♥ é♥❡r❣✐❡ ♠❛✐s
❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ✐♦♥s ❡♥ ❛✈❛❧✱ à ❧❛ ✜♥ ❞❡s s✐♠✉❧❛t✐♦♥s✱ ♥✬❛ ♣❛s ❡✉ ❧❡ t❡♠♣s ❞❡ t❤❡r♠❛❧✐s❡r✳
■❧ ❡st ❞♦♥❝ ❞✐✣❝✐❧❡ ❞❡ ❞✐st✐♥❣✉❡r s✐ ❝❡tt❡ ♣❛rt✐❡ ❡st ❞✉❡ à ✉♥ ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥
♣❡rs✐st❛♥t ♦✉ ❜✐❡♥ s✐ ❡❧❧❡ ❞✐s♣❛r❛✐tr❛ ✉♥❡ ❢♦✐s q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❛ r❡❧❛①é ❧♦✐♥ ❡♥ ❛✈❛❧✳
✻✳✺ ❉✐s❝✉ss✐♦♥ ❡t ❝♦♥❝❧✉s✐♦♥s
❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ✶❉ ❞❡s ❝❤♦❝s ♦♥t été ♣rés❡♥té❡s✳ ▲❡ ré❣✐♠❡
❞❡s ❝❤♦❝s ♣❡r♣❡♥❞✐❝✉❧❛✐r❡s ✭θB = 90◦✮ ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞✬é❧❡❝tr♦♥s ✲ ✐♦♥s✱ ❡♥ ♣❛rt❛♥t
❞✉ ré❣✐♠❡ ♥♦♥✲r❡❧❛t✐✈✐st❡ ❛✉ ♠♦②❡♥♥❡♠❡♥t r❡❧❛t✐✈✐st❡ ❡t ❞✉ ❢❛✐❜❧❡♠❡♥t ♠❛❣♥ét✐sé ❛✉
❢♦rt❡♠❡♥t ♠❛❣♥ét✐sé ❛ été ❛♥❛❧②sé✳ ❆✈❛♥t ❞❡ rés✉♠❡r ❧❡s ♣r✐♥❝✐♣❛✉① rés✉❧t❛ts✱ ❞é❣❛❣és
♣❛r ❝❡s s✐♠✉❧❛t✐♦♥s✱ ❞✐s❝✉t♦♥s ❧❡s ❛♣♣r♦①✐♠❛t✐♦♥s ❡t ❧✐♠✐t❡s ❞❡ ❝❡tt❡ ❛♣♣r♦❝❤❡✳
■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♥♦t❡r q✉❡ t♦✉t ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥ ❞✐✛✉s✐✈❡ ❛✉ ❝❤♦❝ ✭❋❡r♠✐
■✮ ❡st ✐♥❛❝❝❡ss✐❜❧❡ ✐❝✐✱ ♣✉✐sq✉❡ ❧❛ ❞✐✛✉s✐♦♥ ❛♥❣✉❧❛✐r❡ s♣❛t✐❛❧❡ ❞❡s ♣❛rt✐❝✉❧❡s ② ❡st ♣r✐♠♦r✲
❞✐❛❧❡✳ ▲❛ ❣é♦♠étr✐❡ ♠✉❧t✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❡st r❡q✉✐s❡ ❡t ❧❡ ♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐ s❡♠❜❧❡ ②
❢♦♥❝t✐♦♥♥❡r à ❜❛ss❡ ♠❛❣♥ét✐s❛t✐♦♥ σ ≤ 10−3✱ ❡✳❣✳ ❬✶✻❪✳ ▲❛ q✉❡st✐♦♥ ❡st ❞❡ s❛✈♦✐r s✐ ❝❡
♣r♦❝❡ss✉s ❡st ❢♦♥❝t✐♦♥♥❡❧ ❞❛♥s ❧❡ ❝❛s ♠♦❞éré♠❡♥t r❡❧❛t✐✈✐st❡✳
▲❡s s✐♠✉❧❛t✐♦♥s ✶❉ ❡①❝❧✉❡♥t t♦✉t❡ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s ✢✉❝t✉❛t✐♦♥s ❡t ✐♥st❛❜✐❧✐tés tr❛♥s✲
✈❡rs❡s ❞❛♥s ❧❛ str✉❝t✉r❡ ❡t ❧❛ ❞②♥❛♠✐q✉❡ ❞✉ ❝❤♦❝✳ ❖r✱ ❧❡s ❡✛❡ts tr❛♥s✈❡rs❡s✱ ❝♦♠♠❡ ❧❛
♣rés❡♥❝❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ✜❧❛♠❡♥t❛t✐♦♥✱ ❞❡✈✐❡♥♥❡♥t ❞♦♠✐♥❛♥ts à ♠❛❣♥ét✐s❛t✐♦♥ très
❢❛✐❜❧❡ ❡t ❞❛♥s ❧❡ ré❣✐♠❡ r❡❧❛t✐✈✐st❡ γsh ≫ 1✳ ▲❡ ❝❛❧❝✉❧ ❞❡ ❞✐s♣❡rs✐♦♥ ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞❡
♠❛❣♥ét✐s❛t✐♦♥ ♥✉❧❧❡ ♠♦♥tr❡ q✉❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥ ❬✶✼❪ ❡st ❧❛ ♣❧✉s r❛✲
♣✐❞❡ ♣♦✉r γsh ≥
√
3/2 ♣❛r r❛♣♣♦rt à ❧❛ ✈❛r✐❛♥t❡ ♦❜❧✐q✉❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té à ❞❡✉① ❢❛✐s❝❡❛✉①✳
❙✐ ♦♥ ❝♦♠♣❛r❡ à ❧✬✐♥st❛❜✐❧✐té à ❞❡✉① ❢❛✐s❝❡❛✉① ♣✉r❡♠❡♥t ❧♦♥❣✐t✉❞✐♥❛❧❡ ✱ k⊥ = 0✱ ❛❧♦rs ❧❛
✜❧❛♠❡♥t❛t✐♦♥ ❝♦♠♠❡♥❝❡ à ❞♦♠✐♥❡r ❞❛♥s ❧❡ ré❣✐♠❡ ♥♦♥✲r❡❧❛t✐✈✐st❡✱ ✐✳❡✳ ♣♦✉r vsh ≥ 0.7c✳
❚♦✉t❡❢♦✐s✱ s✐ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉ ❢r♦♥t ❡st ❛ss❡③ ❢♦rt✱ ❧❛ ✜❧❛♠❡♥t❛t✐♦♥
✶✸✷ ✻✳✺✳ ❉■❙❈❯❙❙■❖◆ ❊❚ ❈❖◆❈▲❯❙■❖◆❙
❡st ✐♥❤✐❜é❡ ❛❧♦rs q✉❡ ❧❛ ✈❛r✐❛♥t❡ ♠❛❣♥ét✐sé❡ ❞❡s ✐♥st❛❜✐❧✐tés ❧♦♥❣✐t✉❞✐♥❛❧❡s ♣❡rs✐st❡✳ ❈✬❡st
❝❡tt❡ ❛♣♣r♦①✐♠❛t✐♦♥ q✉❡ ♥♦✉s ❛✈♦♥s ❛❞♦♣té ✐❝✐✱ ❧❛✐ss❛♥t ❞❡ ❝ôté ✉♥ ❡♥s❡♠❜❧❡ ❞✬❛♣♣❧✐❝❛✲
t✐♦♥s ❛str♦♣❤②s✐q✉❡s ❝♦♠♠❡ ❧❡ ❝❤♦❝ ❡①t❡r♥❡ ❞❡s ❙● ❡t ❧❡s ❝❤♦❝s ❞❛♥s ❧❡s ◆❆●s✱ ❢❛✐❜❧❡♠❡♥t
♠❛❣♥ét✐sés✳ ▲❡s rés✉❧t❛ts ♦❜t❡♥✉s ✐❝✐✱ ♣❡✉✈❡♥t s✬❛✈ér❡r ♣❡rt✐♥❡♥ts ♣♦✉r ❧❡s ❝❤♦❝s ✐♥t❡r♥❡s
❞❡s ❙● ✭♠♦②❡♥♥❡♠❡♥t r❡❧❛t✐✈✐st❡s ❡t ♠❛❣♥ét✐sés✮ ♦✉ ♣♦✉r ❧❡s ❝❤♦❝s t❡r♠✐♥❛✉① ❞❡s ❥❡ts
❞❡s ♠✐❝r♦✲q✉❛s❛rs✱ s✐ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣ré❡①✐st❛♥t ❡st q✉❛s✐✲♣❡r♣❡♥❞✐❝✉❧❛✐r❡✳
▲❛ ♣rés❡♥❝❡ ❞✬♦♥❞❡s ✇❤✐st❧❡r✱ ❧✐♥é❛✐r❡s ❡t ♥♦♥✲❧✐♥é❛✐r❡s✱ ❡st ❜✐❡♥ ❝♦♥♥✉❡ ❞❛♥s ❧❡s ❝❤♦❝s
♥♦♥✲r❡❧❛t✐✈✐st❡s ✭♦❜s❡r✈❛t✐♦♥ ❞❛♥s ❧❡s ♠❛❣♥ét♦s♣❤èr❡s ♣❧❛♥ét❛✐r❡s ❞✉ ❙②stè♠❡ ❙♦❧❛✐r❡✮✳
▲✬✐♠♣♦rt❛♥❝❡ ❞❡ ❝❡s ♦♥❞❡s ❛ été ♠♦♥tré❡ ❞❛♥s ❧❡s ❝❤♦❝s ♠♦②❡♥♥❡♠❡♥t r❡❧❛t✐✈✐st❡s ❡t
q✉❛s✐✲♣❛r❛❧❧è❧❡s ♣❛r ❉✐❡❝❦♠❛♥♥ ❡t ❛❧✳ ❬✶✽❪✱ ♦❜s❡r✈❛♥t ❛✉ss✐ ✉♥❡ ✐♠♣♦rt❛♥t❡ ❛❝❝é❧ér❛t✐♦♥
❞❡ ♣❛rt✐❝✉❧❡s✳ ❚♦✉t❡❢♦✐s✱ ❡❧❧❡s s♦♥t ✐♥❡①✐st❛♥t❡s s✐ ❧❡ ❝❤♦❝ ❡st ♣❛r❢❛✐t❡♠❡♥t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡
θB ❝❛r ❝❡ s♦♥t ❞❡s ♦♥❞❡s à ♣r♦♣❛❣❛t✐♦♥ ♦❜❧✐q✉❡✳ ▲❡✉r ✐♠♣❛❝t s✉r ❧❡s ❝❤♦❝s ✐❝✐ ❛ ❞♦♥❝ été
♥é❣❧✐❣é ♣❛r ❝♦♥tr❛✐♥t❡ ❣é♦♠étr✐q✉❡✳ ■❧ ❡st t♦✉t à ❢❛✐t ♣r♦❜❛❜❧❡ q✉✬❡♥ ♦❜❧✐q✉✐té ✐♥❢ér✐❡✉r❡
à 90◦ ♦♥ ❧❡s ✈❡rr❛✐t ❛♣♣❛r❛✐tr❡✳
❉✐s❝✉t♦♥s ♠❛✐♥t❡♥❛♥t✱ ♣♦✐♥t ♣❛r ♣♦✐♥t✱ ❧❡s ♣r✐♥❝✐♣❛✉① rés✉❧t❛ts ❞❡ ❧❛ ♣rés❡♥t❡ ét✉❞❡ ✿
• ▲❡s ❝❤♦❝s s❡ ❢♦r♠❡♥t ♣❛r ré✢❡①✐♦♥ ♠❛❣♥ét✐q✉❡ ❡t ❧✬❡①✐st❡♥❝❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
❡st ♥é❝❡ss❛✐r❡ ♣♦✉r ❢♦r♠❡r ✉♥ ❝❤♦❝ à ✉♥ ♥♦♠❜r❡ ❞❡ ▼❛❝❤≫ 1 ♣✉✐sq✉❡ ❧❛ ❣é♦♠étr✐❡
❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❡st ✶❉✳ ❈♦♠♠❡ ♠♦♥tré ❞❛♥s ❧✬ét✉❞❡ ❬✶✾❪ ❝❡ ♠é❝❛♥✐s♠❡ ❞❡ ❢♦r♠❛✲
t✐♦♥ ❞✉ ❝❤♦❝ ♥✬❡st ✈❛❧❛❜❧❡ q✉✬à ♠❛❣♥ét✐s❛t✐♦♥ ❛ss❡③ é❧❡✈é❡ ✭σ > 10−3✮✱ s✐♥♦♥ ❧❡s
✢✉❝t✉❛t✐♦♥s tr❛♥s✈❡rs❡s s♦♥t ❞♦♠✐♥❛♥t❡s✳ ❚♦✉t❡s ♥♦s s✐♠✉❧❛t✐♦♥s s♦♥t ❞♦♥❝ ♣❧❛❝é❡s
à ♠❛❣♥ét✐s❛t✐♦♥ s✉✣s❛♠♠❡♥t ❣r❛♥❞❡✳
• ▲❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ s♦♥t ♠❛①✇❡❧❧✐❡♥♥❡s✱ ♣❛s ❞❡ ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥
❡✣❝❛❝❡ ♦❜s❡r✈é✳ ❈❡ ❝♦♥st❛t ❡st ré❝✉rr❡♥t ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ✶❉ ❞❡s ❝❤♦❝s ♣✉✐sq✉❡
❧❡ ♣r♦❝❡ss✉s ❞❡ ❞✐✛✉s✐♦♥ s♣❛t✐❛❧❡ ❡♥ ❛♥❣❧❡s ❞✬❛tt❛q✉❡ ♥✬② ❡st ♣❛s ♣rés❡♥t✳ ▲✬❛❝❝é❧ér❛✲
t✐♦♥ ❞❡ ❋❡r♠✐ ❡st ❞♦♥❝ ✐♥❤✐❜é❡ ❡t ✐❧ ❢❛✉t ❛❧❧❡r ❛✉① ❣é♦♠étr✐❡s ♠✉❧t✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡s
♣♦✉r ② ❛✈♦✐r ❛❝❝ès✳
• ❆ ♠❛❣♥ét✐s❛t✐♦♥ ❢❛✐❜❧❡ ❡t β ❢❛✐❜❧❡✱ ❧❡s ❝❤♦❝s à MA ≫ 1 s♦♥t ♥♦♥✲st❛t✐♦♥♥❛✐r❡s ❡t
s♦♥t s♦✉♠✐s à ❧✬❛✉t♦✲r❡❢♦r♠❛t✐♦♥ ❝②❝❧✐q✉❡ ❞❡ ♣ér✐♦❞❡ ≃ 2ω−1ci,amont✱ ❞❛♥s ✉♥ ♣r♦❝❡s✲
s✉s s❡♠❜❧❛❜❧❡ à ❝❡❧✉✐ ❞❡ ❍❛❞❛ ❡t ❛❧✳ ❬✹❪ ♠❛✐s s✬ét❡♥❞❛♥t ❛✉ ré❣✐♠❡ ♠♦②❡♥♥❡♠❡♥t r❡✲
❧❛t✐✈✐st❡✳ ▲❡ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s ré✢é❝❤✐s s✉r ❧❡ ❢r♦♥t ❡st très é♥❡r❣ét✐q✉❡ ✭γβ ≃ 2γshβsh✮
❡t ❢r♦✐❞✳ ▲✬✐♥st❛❜✐❧✐té ❞❡ ❇✉♥❡♠❛♥ ❡st ♦♠♥✐♣rés❡♥t❡ ❞❛♥s ❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝ ❡t ❝♦♥tr✐✲
❜✉❡ à ❢♦rt❡♠❡♥t ❝❤❛✉✛❡r ❧❡s é❧❡❝tr♦♥s✳ ❚♦✉t❡❢♦✐s✱ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❝❤♦q✉é✱ Te/Ti ≪ 1✳
◆♦t♦♥s q✉❡ ❞❡s ét✉❞❡s ✷❉ ❬✷✵✱ ✷✶❪ ♦♥t ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❇✉♥❡♠❛♥
❞❛♥s ❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝✳ P♦✉r ❧❡s ♥♦♠❜r❡s ❞❡ ▼❛❝❤ ❆❧❢✈é♥✐q✉❡ ✶✵ ❢♦✐s s✉♣ér✐❡✉rs ❛✉①
s✐♠✉❧❛t✐♦♥s ♣rés❡♥t❡s✱ ❧❡s é❧❡❝tr♦♥s s♦♥t ❝❤❛✉✛és à Te/Ti ∼ 0.3✳ ❈❡ q✉✐ ✐♥❞✐q✉❡ q✉❡
❧❡ ❝❤❛✉✛❛❣❡ ❡st ♣❧✉s ❡✣❝❛❝❡ à ♠❛❣♥ét✐s❛t✐♦♥ ♣❧✉s ❢❛✐❜❧❡ ✭♣♦✐♥t ❝♦♥✜r♠é ✐❝✐ ♣❛r ❞❡s
s✐♠✉❧❛t✐♦♥s ♣ér✐♦❞✐q✉❡s ❞❡ ❧✬✐♥st❛❜✐❧✐té✮✳ ▲❛ r❡❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝ ♣❡✉t ❞✐s♣❛r❛✐tr❡
s✐ ❧❡ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s ré✢é❝❤✐s ❡st ❝❤❛✉❞ ✭✐✳❡✳ ❞✐s♣❡rs✐♦♥ ❡♥ ✈✐t❡ss❡s ✐♠♣♦rt❛♥t❡✮✳ ❯♥
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t❡❧ ❝❤❛✉✛❛❣❡ ♣❡✉t s❡ ♣r♦❞✉✐r❡ ♣♦✉r MA ≫ 10 s✐ ❧❡ β ❞✉ ♣❧❛s♠❛ ❡st ❣r❛♥❞ ✭❞❛♥s
❧✬ét✉❞❡ ❬✷✵❪ ✐❧ ❡st é❣❛❧ à ✷✻✱ ❛❧♦rs q✉✬✐❝✐ ✐❧ ❡st ❞❡ ✵✳✵✷✷✮✳
• P♦✉r ❧❡s ❝❤♦❝s ♠♦❞éré♠❡♥t r❡❧❛t✐✈✐st❡s ✭γsh ≃ 2✮ à ❢♦rt❡ ♠❛❣♥ét✐s❛t✐♦♥ ❧❡ ♣✐❡❞ ❞✉
❝❤♦❝ ❞✐s♣❛r❛✐t ❡t ❧❡ ❢r♦♥t ❡st ❝♦♥st✐t✉é ❞✬✉♥❡ ❜♦✉❝❧❡ ❝②❝❧♦tr♦♥ ✐♦♥✐q✉❡ ❝♦❤ér❡♥t❡✱
s❡♠❜❧❛❜❧❡ à ❧❛ str✉❝t✉r❡ ❞❡s ❝❤♦❝s e− − e+ ♠❛❣♥ét✐sés ♠❛✐s à ❧✬é❝❤❡❧❧❡ ✐♦♥✐q✉❡✳
▲✬é♠✐ss✐♦♥ ❞✬✉♥ ❢♦rt ♣ré❝✉rs❡✉r é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ♣ré❝❤❛✉✛❡ ❧❡s é❧❡❝tr♦♥s ❡t ❧❛
t❡♠♣ér❛t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❝❤♦q✉é ❡st ❝♦♠♣❛r❛❜❧❡ à ❝❡❧❧❡ ❞❡s ✐♦♥s
Te ≥ 0.5Ti✱✳
• ▲❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① str✉❝t✉r❡s ❞❡ ❝❤♦❝ s❡ ❢❛✐t ✈❡rs σ ∼ 10−2✱ ♣♦✉r ❧❡s γsh ≥
1✳ ❈❡tt❡ ✈❛❧❡✉r ❡st s✉s❝❡♣t✐❜❧❡ ❞✬êtr❡ ❞✐✛ér❡♥t❡ ❞❛♥s ❧❡s ❝❤♦❝s ✉❧tr❛✲r❡❧❛t✐✈✐st❡s✱ ♦ù
♦♥ tr♦✉✈❡ ♣❧✉tôt σcrit ∼ 10−4 ❬✶✺❪✳ ❙❡ ❜❛s❛♥t s✉r ✉♥❡ ❛♥❛❧②s❡ ❞❡s ✐♥st❛❜✐❧✐tés tr❛♥s✲
✈❡rs❡s ❞❛♥s ❧❡ ♣✐❡❞ ❬✶✶❪✱ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❝r✐t✐q✉❡ ❞❛♥s ❝❡ ré❣✐♠❡ ❡st σcrit ∼ ξcr/γ2sh✳
■❝✐✱ ♣♦✉rt❛♥t ❧❡ ré❣✐♠❡ ♥✬❡st ♣❛s ✉❧tr❛✲r❡❧❛t✐✈✐st❡ ❡t ❧❡s ✐♥st❛❜✐❧✐tés tr❛♥s✈❡rs❡s ♥❡
s♦♥t ♣❛s ♣rés❡♥t❡s✳
• ❋✐♥❛❧❡♠❡♥t✱ ❧❡ ré❣✐♠❡ ✉❧tr❛✲r❡❧❛t✐✈✐st❡ ♥✬❛ ♣❛s été ❛tt❡✐♥t ❞❛♥s ❝❡tt❡ ét✉❞❡✱ ♣r✐♥❝✐✲
♣❛❧❡♠❡♥t à ❝❛✉s❡ ❞❡s ❧✐♠✐t❛t✐♦♥s ♠❛tér✐❡❧❧❡s ✿ ❧❡ t❡♠♣s ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ❝❤♦❝ ❝r♦✐t
❝♦♠♠❡ γ0.7b ❡t ❞❡s ❜♦ît❡s ❞❡ s✐♠✉❧❛t✐♦♥ très ❣r❛♥❞❡s s♦♥t r❡q✉✐s❡s✳
❇✐❜❧✐♦❣r❛♣❤✐❡
❬✶❪ ❉✳ ❇✐s❦❛♠♣ ❛♥❞ ❍✳ ❲❡❧t❡r✳ ■♦♥ ❍❡❛t✐♥❣ ✐♥ ❍✐❣❤✲▼❛❝❤✲◆✉♠❜❡r✱ ❖❜❧✐q✉❡✱ ❈♦❧❧✐s✐♦♥✲
❧❡ss ❙❤♦❝❦ ❲❛✈❡s✳ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ▲❡tt❡rs✱ ✷✽ ✿✹✶✵✕✹✶✸✱ ✶✾✼✷✳
❬✷❪ ❘✳ ▲✳ ❚♦❦❛r✱ ❈✳ ❍✳ ❆❧❞r✐❝❤✱ ❉✳ ❲✳ ❋♦rs❧✉♥❞✱ ❛♥❞ ❑✳ ❇✳ ◗✉❡st✳ ◆♦♥❛❞✐❛❜❛t✐❝ ❡❧❡❝✲
tr♦♥ ❤❡❛t✐♥❣ ❛t ❤✐❣❤✲▼❛❝❤✲♥✉♠❜❡r ♣❡r♣❡♥❞✐❝✉❧❛r s❤♦❝❦s✳ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ▲❡tt❡rs✱
✺✻ ✿✶✵✺✾✕✶✵✻✷✱ ✶✾✽✻✳
❬✸❪ ❇✳ ▲❡♠❜❡❣❡ ❛♥❞ ❏✳ ▼✳ ❉❛✇s♦♥✳ ❙❡❧❢✲❝♦♥s✐st❡♥t st✉❞② ♦❢ ❛ ♣❡r♣❡♥❞✐❝✉❧❛r ❝♦❧❧✐s✐♦♥❧❡ss
❛♥❞ ♥♦♥r❡s✐st✐✈❡ s❤♦❝❦✳ P❤②s✐❝s ♦❢ ❋❧✉✐❞s✱ ✸✵ ✿✶✼✻✼✕✶✼✽✽✱ ✶✾✽✼✳
❬✹❪ ❚✳ ❍❛❞❛✱ ▼✳ ❖♦♥✐s❤✐✱ ❇✳ ▲❡♠❜è❣❡✱ ❛♥❞ P✳ ❙❛✈♦✐♥✐✳ ❙❤♦❝❦ ❢r♦♥t ♥♦♥st❛t✐♦♥❛r✐t② ♦❢
s✉♣❡r❝r✐t✐❝❛❧ ♣❡r♣❡♥❞✐❝✉❧❛r s❤♦❝❦s✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ✭❙♣❛❝❡ P❤②s✐❝s✮✱
✶✵✽ ✿✶✷✸✸✱ ✷✵✵✸✳
❬✺❪ ▼✳ ❍♦s❤✐♥♦ ❛♥❞ ◆✳ ❙❤✐♠❛❞❛✳ ◆♦♥t❤❡r♠❛❧ ❊❧❡❝tr♦♥s ❛t ❍✐❣❤ ▼❛❝❤ ◆✉♠❜❡r ❙❤♦❝❦s ✿
❊❧❡❝tr♦♥ ❙❤♦❝❦ ❙✉r✜♥❣ ❆❝❝❡❧❡r❛t✐♦♥✳ ❆♣❏✱ ✺✼✷ ✿✽✽✵✕✽✽✼✱ ✷✵✵✷✳
❬✻❪ ▼✳ ❙❝❤♦❧❡r ❛♥❞ ❙✳ ▼❛ts✉❦✐②♦✳ ◆♦♥st❛t✐♦♥❛r✐t② ♦❢ q✉❛s✐✲♣❡r♣❡♥❞✐❝✉❧❛r s❤♦❝❦s ✿ ❛
❝♦♠♣❛r✐s♦♥ ♦❢ ❢✉❧❧ ♣❛rt✐❝❧❡ s✐♠✉❧❛t✐♦♥s ✇✐t❤ ❞✐✛❡r❡♥t ✐♦♥ t♦ ❡❧❡❝tr♦♥ ♠❛ss r❛t✐♦✳
❆♥♥❛❧❡s ●❡♦♣❤②s✐❝❛❡✱ ✷✷ ✿✷✸✹✺✕✷✸✺✸✱ ❏✉❧② ✷✵✵✹✳
❬✼❪ ❘✳ ❩✳ ❙❛❣❞❡❡✈✳ ❈♦♦♣❡r❛t✐✈❡ P❤❡♥♦♠❡♥❛ ❛♥❞ ❙❤♦❝❦ ❲❛✈❡s ✐♥ ❈♦❧❧✐s✐♦♥❧❡ss P❧❛s♠❛s✳
❘❡✈✐❡✇s ♦❢ P❧❛s♠❛ P❤②s✐❝s✱ ✹ ✿✷✸✱ ✶✾✻✻✳
❬✽❪ ❇✳ ▲❡♠❜❡❣❡✳ ◆✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ♦❢ ❝♦❧❧✐s✐♦♥❧❡ss s❤♦❝❦s✳ ■♥ ❲✳ ❇r✐♥❦♠❛♥♥✱ ❆✳ ❈✳
✶✸✹ ❇■❇▲■❖●❘❆P❍■❊
❋❛❜✐❛♥✱ ❛♥❞ ❋✳ ●✐♦✈❛♥♥❡❧❧✐✱ ❡❞✐t♦rs✱ ◆❆❚❖ ❆❙■❈ Pr♦❝✳ ✸✵✵ ✿ P❤②s✐❝❛❧ Pr♦❝❡ss❡s ✐♥
❍♦t ❈♦s♠✐❝ P❧❛s♠❛s✱ ♣❛❣❡s ✽✶✕✶✸✾✱ ✶✾✾✵✳
❬✾❪ ❇✳ ▲❡♠❜❡❣❡✱ ❏✳ ▼✳ ❉❛✇s♦♥✱ ❛♥❞ ❙✳❚✳ ❘❛t❧✐✛✳ ❚❤❡ ❦❂✵ ♠♦❞❡ ❈♦♥tr✐❜✉t✐♦♥ ✐♥ P❡r✐♦❞✐❝
❛♥❞ ❇♦✉♥❞❡❞ P❛rt✐❝❧❡ ❙✐♠✉❧❛t✐♦♥ ❈♦❞❡✳ ❯❈▲❆ P❧❛s♠❛ P❤②s✐❝s ●r♦✉♣ r❡♣♦rt✱ ✶✾✽✹✳
❬✶✵❪ ◆✳ ❙❤✐♠❛❞❛ ❛♥❞ ▼✳ ❍♦s❤✐♥♦✳ ❊❧❡❝tr♦♥ ❤❡❛t✐♥❣ ❛♥❞ ❛❝❝❡❧❡r❛t✐♦♥ ✐♥ t❤❡ s❤♦❝❦ tr❛♥✲
s✐t✐♦♥ r❡❣✐♦♥ ✿ ❇❛❝❦❣r♦✉♥❞ ♣❧❛s♠❛ ♣❛r❛♠❡t❡r ❞❡♣❡♥❞❡♥❝❡✳ P❤②s✐❝s ♦❢ P❧❛s♠❛s✱
✶✶ ✿✶✽✹✵✕✶✽✹✾✱ ✷✵✵✹✳
❬✶✶❪ ▼✳ ▲❡♠♦✐♥❡ ❛♥❞ ●✳ P❡❧❧❡t✐❡r✳ ❖♥ ✐♥st❛❜✐❧✐t✐❡s ❛t ✉❧tr❛✲r❡❧❛t✐✈✐st✐❝ s❤♦❝❦ ✇❛✈❡s✳ ▼◆✲
❘❆❙✱ ✺✽✾ ✿▲✼✸✱ ✷✵✶✵✳
❬✶✷❪ ❉✳ ❆❧s♦♣ ❛♥❞ ❏✳ ❆r♦♥s✳ ❘❡❧❛t✐✈✐st✐❝ ♠❛❣♥❡t♦s♦♥✐❝ s♦❧✐t♦♥s ✇✐t❤ r❡✢❡❝t❡❞ ♣❛rt✐❝❧❡s ✐♥
❡❧❡❝tr♦♥✲♣♦s✐tr♦♥ ♣❧❛s♠❛s✳ P❤②s✐❝s ♦❢ ❋❧✉✐❞s✱ ✸✶ ✿✽✸✾✕✽✹✼✱ ✶✾✽✽✳
❬✶✸❪ ❨✳ ❆✳ ●❛❧❧❛♥t✱ ▼✳ ❍♦s❤✐♥♦✱ ❆✳ ❇✳ ▲❛♥❣❞♦♥✱ ❏✳ ❆r♦♥s✱ ❛♥❞ ❈✳ ❊✳ ▼❛①✳ ❘❡❧❛t✐✈✐st✐❝✱
♣❡r♣❡♥❞✐❝✉❧❛r s❤♦❝❦s ✐♥ ❡❧❡❝tr♦♥✲♣♦s✐tr♦♥ ♣❧❛s♠❛s✳ ❆♣❏✱ ✸✾✶ ✿✼✸✕✶✵✶✱ ✶✾✾✷✳
❬✶✹❪ ❨✳ ▲②✉❜❛rs❦②✳ ❊❧❡❝tr♦♥✲✐♦♥ ❝♦✉♣❧✐♥❣ ✉♣str❡❛♠ ♦❢ r❡❧❛t✐✈✐st✐❝ ❝♦❧❧✐s✐♦♥❧❡ss s❤♦❝❦s✳
❆♣❏✱ ✻✺✷ ✿✶✷✾✼✕✶✸✵✺✱ ✷✵✵✻✳
❬✶✺❪ ▲✳ ❙✐r♦♥✐ ❛♥❞ ❆✳ ❙♣✐t❦♦✈s❦②✳ P❛rt✐❝❧❡ ❆❝❝❡❧❡r❛t✐♦♥ ✐♥ ❘❡❧❛t✐✈✐st✐❝ ▼❛❣♥❡t✐③❡❞ ❈♦❧❧✐✲
s✐♦♥❧❡ss ❊❧❡❝tr♦♥✲■♦♥ ❙❤♦❝❦s✳ ❆♣❏✱ ✼✷✻ ✿✼✺✱ ✷✵✶✶✳
❬✶✻❪ ▲✳ ❙✐r♦♥✐✱ ❆✳ ❙♣✐t❦♦✈s❦②✱ ❛♥❞ ❆r♦♥s ❏✳ ❚❤❡ ▼❛①✐♠✉♠ ❊♥❡r❣② ♦❢ ❆❝❝❡❧❡r❛t❡❞ P❛rt✐❝❧❡s
✐♥ ❘❡❧❛t✐✈✐st✐❝ ❈♦❧❧✐s✐♦♥❧❡ss ❙❤♦❝❦s✳ ❆♣❏✱ ✼✼✶ ✿✺✹✱ ✷✵✶✸✳
❬✶✼❪ ❆✳ ❇r❡t✱ ❆✳ ❙t♦❝❦❡♠✱ ❋✳ ❋✐✉③❛✱ ❈✳ ❘✉②❡r✱ ▲✳ ●r❡♠✐❧❧❡t✱ ❘✳ ◆❛r❛②❛♥✱ ❛♥❞ ▲✳❖✳ ❙✐❧✈❛✳
❈♦❧❧✐s✐♦♥❧❡ss s❤♦❝❦ ❢♦r♠❛t✐♦♥✱ s♣♦♥t❛♥❡♦✉s ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✢✉❝t✉❛t✐♦♥s✱ ❛♥❞ str❡❛✲
♠✐♥❣ ✐♥st❛❜✐❧✐t✐❡s✳ P❤②s✐❝s ♦❢ P❧❛s♠❛s✱ ✷✵ ✿✵✹✷✶✵✷✱ ✷✵✶✸✳
❬✶✽❪ ▼✳ ❊✳ ❉✐❡❝❦♠❛♥♥✱ P✳ ❑✳ ❙❤✉❦❧❛✱ ❛♥❞ ▲✳ ❖✳ ❈✳ ❉r✉r②✳ ❚❤❡ ❋♦r♠❛t✐♦♥ ♦❢ ❛ ❘❡❧❛t✐✈✐st✐❝
P❛rt✐❛❧❧② ❊❧❡❝tr♦♠❛❣♥❡t✐❝ P❧❛♥❛r P❧❛s♠❛ ❙❤♦❝❦✳ ❆♣❏✱ ✻✼✺ ✿✺✽✻✕✺✾✺✱ ✷✵✵✽✳
❬✶✾❪ ❆✳ ❙♣✐t❦♦✈s❦②✳ ❙✐♠✉❧❛t✐♦♥s ♦❢ r❡❧❛t✐✈✐st✐❝ ❝♦❧❧✐s✐♦♥❧❡ss s❤♦❝❦s ✿ s❤♦❝❦ str✉❝t✉r❡ ❛♥❞
♣❛rt✐❝❧❡ ❛❝❝❡❧❡r❛t✐♦♥✳ ■♥ ❚✳ ❇✉❧✐❦✱ ❇✳ ❘✉❞❛❦✱ ❛♥❞ ●✳ ▼❛❞❡❥s❦✐✱ ❡❞✐t♦rs✱ ❆str♦♣❤②s✐❝❛❧
❙♦✉r❝❡s ♦❢ ❍✐❣❤ ❊♥❡r❣② P❛rt✐❝❧❡s ❛♥❞ ❘❛❞✐❛t✐♦♥✱ ✈♦❧✉♠❡ ✽✵✶ ♦❢ ❆♠❡r✐❝❛♥ ■♥st✐t✉t❡
♦❢ P❤②s✐❝s ❈♦♥❢❡r❡♥❝❡ ❙❡r✐❡s✱ ♣❛❣❡s ✸✹✺✕✸✺✵✱ ✷✵✵✺✳
❬✷✵❪ ❚✳ ◆✳ ❑❛t♦ ❛♥❞ ❍✳ ❚❛❦❛❜❡✳ ◆♦♥r❡❧❛t✐✈✐st✐❝ ❈♦❧❧✐s✐♦♥❧❡ss ❙❤♦❝❦s ✐♥ ❲❡❛❦❧② ▼❛❣♥❡✲
t✐③❡❞ ❊❧❡❝tr♦♥✲■♦♥ P❧❛s♠❛s ✿ ❚✇♦✲❞✐♠❡♥s✐♦♥❛❧ P❛rt✐❝❧❡✲✐♥✲❝❡❧❧ ❙✐♠✉❧❛t✐♦♥ ♦❢ P❡r♣❡♥✲
❞✐❝✉❧❛r ❙❤♦❝❦✳ ❆♣❏✱ ✼✷✶ ✿✽✷✽✕✽✹✷✱ ✷✵✶✵✳
❬✷✶❪ ❨✳ ▼❛ts✉♠♦t♦✱ ❚✳ ❆♠❛♥♦✱ ❛♥❞ ▼✳ ❍♦s❤✐♥♦✳ ❊❧❡❝tr♦♥ ❆❝❝❡❧❡r❛t✐♦♥s ❛t ❍✐❣❤ ▼❛❝❤
◆✉♠❜❡r ❙❤♦❝❦s ✿ ❚✇♦✲❞✐♠❡♥s✐♦♥❛❧ P❛rt✐❝❧❡✲✐♥✲❝❡❧❧ ❙✐♠✉❧❛t✐♦♥s ✐♥ ❱❛r✐♦✉s P❛r❛♠❡t❡r
❘❡❣✐♠❡s✳ ❆♣❏✱ ✼✺✺ ✿✶✵✾✱ ✷✵✶✷✳
❈❤❛♣✐tr❡ ✼
➱t✉❞❡ ❞✉ ré❣✐♠❡ ❞❡ ♠❛❣♥ét✐s❛t✐♦♥
✐♥t❡r♠é❞✐❛✐r❡
▲
♦rsq✉❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ♣ré✲❝❤♦❝ ❡st ❛ss❡③ ❢❛✐❜❧❡✱ ♠❛✐s ♣❛s s✉✣✲
s❛♠♠❡♥t ♣♦✉r ❧❡ ❝♦♥s✐❞ér❡r ♥é❣❧✐❣❡❛❜❧❡ ✭10−5 < σ ≪ 0.1✮ ❧✬❡✛❡t ❞❡ ❧❛ ❣✐r❛t✐♦♥ ré❣✉✲
❧✐èr❡ ❞❡s ♣❛rt✐❝✉❧❡s s✉♣r❛✲t❤❡r♠✐q✉❡s ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ♣❡✉t s✬❛✈ér❡r ❧❡ ♣❧✉s ✐♠♣♦rt❛♥t
❞❛♥s ❧❛ str✉❝t✉r❛t✐♦♥ ❞✉ ❝❤♦❝✱ ✈✐❛ ❧❡s ✐♥st❛❜✐❧✐tés ❞❡ ❝♦✉r❛♥t ♣r♦❞✉✐t❡s✳ ❆ ♠❛❣♥ét✐s❛t✐♦♥
♣❧✉s ❜❛ss❡ ❧❡s ✐♥st❛❜✐❧✐tés ❝✐♥ét✐q✉❡s✱ t❡❧❧❡s q✉❡ ❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥✱ s♦♥t ❞♦♠✐♥❛♥t❡s
❬✶✱ ✷❪ ❡t à ♠❛❣♥ét✐s❛t✐♦♥ ❢♦rt❡ σ ≥ 0.1 ❝✬❡st ❧❡ ♠é❝❛♥✐s♠❡ ❞✬é♠✐ss✐♦♥ ❞✬♦♥❞❡ é❧❡❝tr♦♠❛✲
❣♥ét✐q✉❡ ♣❛r ❧❡ ❢r♦♥t✱ s♦✉s ❧✬❡✛❡t ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ▼❛s❡r ❙②♥❝❤r♦tr♦♥✱ q✉✐ str✉❝t✉r❡ ❧❡
❝❤♦❝ ❬✸✱ ✹❪✳ ❉❛♥s ❧❡ ré❣✐♠❡ ✐♥t❡r♠é❞✐❛✐r❡✱ ❧❛ s✐t✉❛t✐♦♥ ❡st ❞✐✛ér❡♥t❡ ♣✉✐sq✉❡ ❧❡ ♣ré❝✉r✲
s❡✉r ❡st tr♦♣ ❝♦✉rt ♣♦✉r ♣❡r♠❡ttr❡ à ❧❛ ✜❧❛♠❡♥t❛t✐♦♥ ❞❡ s❡ ❞é✈❡❧♦♣♣❡r ❡t ❧✬é♠✐ss✐♦♥ ❞✉
♣ré❝✉rs❡✉r é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❡st ❞❡ tr♦♣ ❜❛ss❡ ❛♠♣❧✐t✉❞❡✳ ▲❡s s✐♠✉❧❛t✐♦♥s ré❝❡♥t❡s ❞❡
❙✐r♦♥✐ ❡t ❛❧✳ ❬✺❪ ❞❛♥s ❝❡ ré❣✐♠❡ ♠♦♥tr❡♥t q✉❡ ❧❡ ♣ré❝✉rs❡✉r s❡ r❛❝❝♦✉r❝✐t à σ ❝r♦✐ss❛♥t
♠❛✐s ♣r♦♣♦s❡♥t q✉❡ ❝✬❡st ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ♠❛❣♥ét✐sé❡ q✉✐ s✬② ❞é✈❡❧♦♣♣❡ s✉✐t❡ à ❧❛
❞ér✐✈❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞✉ ❢❛✐s❝❡❛✉ ♣❛r r❛♣♣♦rt ❛✉ ✢♦t ❛♠♦♥t✳ P♦✉rt❛♥t ❧❡s ❝r✐tèr❡s ♣❤②✲
s✐q✉❡s ♥❡ s♦♥t ♣❛r r❡♠♣❧✐s ♣♦✉r q✉❡ ❝❡tt❡ ✐♥st❛❜✐❧✐té ♣✉✐ss❡ ❝r♦îtr❡ ❡t ✉♥ ❡✛❡t ♣❤②s✐q✉❡
♥♦♥ ❛♥❛❧②sé ❞❛♥s ❧❡✉rs s✐♠✉❧❛t✐♦♥s ❞♦✐t êtr❡ r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝✳ ◆♦✉s
♣r♦♣♦s♦♥s ✐❝✐ q✉❡ ❝✬❡st ❧✬❡✛❡t ❞✉ ❝♦✉r❛♥t tr❛♥s✈❡rs❡ à ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝ ❡t ❛✉ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ q✉✐ ❡st ✐♠♣♦rt❛♥t ❞❛♥s ❝❡ ré❣✐♠❡ ❞❡ ♠❛❣♥ét✐s❛t✐♦♥s ❀ ❧❡s é❧é♠❡♥ts ❞❡
❝❛❧❝✉❧✱ ♣rés❡♥tés ♣❧✉s ❧♦✐♥✱ ❡♥ ❞♦♥♥❡♥t ❧✬❛r❣✉♠❡♥t❛t✐♦♥✳
✼✳✶ P♦s✐t✐♦♥ ❞✉ ♣r♦❜❧è♠❡
❙♦✐t ✉♥❡ ♦♥❞❡ ❞❡ ❝❤♦❝ r❡❧❛t✐✈✐st❡✱ s❡ ♣r♦♣❛❣❡❛♥t ❡♥ ❞✐r❡❝t✐♦♥ +x ❛✈❡❝ ✉♥ ❢❛❝t❡✉r ❞❡
▲♦r❡♥t③ γsh✱ ❡♥ ♣rés❡♥❝❡ ❞✬✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ B0 = B0ez
✶✸✺
✶✸✻ ✼✳✷✳ ❆PP❘❖❈❍❊ ▼❍❉
❡t ♠❛❣♥ét✐s❛t✐♦♥ σ = B20/(4πn0mic
2)✱ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❝♦✲♠♦❜✐❧❡ ❛♠♦♥t ✭❯❘❋✮✳ P❛r
❣✐r❛t✐♦♥ ❞❛♥s ❧❡s s❡♥s ♦♣♣♦sé❡s ❧❡s ♣❛rt✐❝✉❧❡s✱ ré✢é❝❤✐❡s s✉r ❧❡ ❢r♦♥t✱ ✐♥❞✉✐s❡♥t ✉♥ ❢♦rt
❝♦✉r❛♥t tr❛♥s✈❡rs❡ ❞❛♥s ❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝ ✿J0 = J0ey = c4πkcB0ey✳ ▲✬é♥❡r❣✐❡ ❞❡s ♣❛rt✐❝✉❧❡s
❞✉ ❢❛✐s❝❡❛✉ ré✢é❝❤✐✱ ❢r♦✐❞✱ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ γ2shmic
2 ❡t ❧✬❛♠♣❧✐t✉❞❡ ❞✉ ❝♦✉r❛♥t ❡st ❞♦♥❝
∼ ξcrγ2shn0ec✱ ♦ù n0 ❡st ❧❛ ❞❡♥s✐té ❞✉ ♣❧❛s♠❛ ❛✉ r❡♣♦s ❞❛♥s ❯❘❋✳ ▲❛ ❧♦♥❣✉❡✉r ❞✉ ♣ré❝✉r✲
s❡✉r ❡st ❛ss❡③ ❝♦✉rt❡ lp ≃ mic2/(γsheB0✮ ♠❛✐s ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ♥♦✉s ❛❧❧♦♥s ❢❛✐r❡
❧✬❛♣♣r♦①✐♠❛t✐♦♥ q✉❡ ❧❡ ❝♦✉r❛♥t ❡st ❝♦♥st❛♥t ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❞✐r❡❝t✐♦♥ x✳
✼✳✷ ❆♣♣r♦❝❤❡ ▼❍❉
▲❛ ♣r❡♠✐èr❡ ❛♣♣r♦❝❤❡✱ ❛♣♣r♦①✐♠❛t✐✈❡✱ ❡st ❞✬é✈❛❧✉❡r ❧❛ st❛❜✐❧✐té ❞✉ s②stè♠❡ ❞✉ ♣♦✐♥t
❞❡ ✈✉❡ ❞❡s éq✉❛t✐♦♥s ❞❡ ❧❛ ▼❍❉ ❝❧❛ss✐q✉❡ ✿
∂ρ
∂t
+∇ · (ρv) = 0
ρ
[
∂v
∂t
+ (v ·∇)v
]
= −∇P + J ×B
∂B
∂t
= ∇× (v ×B)
❖♥ ❛❞♦♣t❡ ✐❝✐ ✉♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ✐s♦t❤❡r♠❡ ✿ P = ρc2S ✱ ♦ù cS ❡st ❧❛ ✈✐t❡ss❡ ❞✉ s♦♥✳
❈♦♥s✐❞ér♦♥s ✉♥ ♣❧❛s♠❛ ❛✉ r❡♣♦s ✭❯❘❋✮ ✿ v0 = 0 ❡t✱ ❡♥ é❝r✐✈❛♥t ❧❡s q✉❛♥t✐tés ❡♥ ♣❛rt✐❡
❝♦♥st❛♥t❡ ❡t ✢✉❝t✉❛♥t❡ ✭B = B0ez + δB✱ J = J0ey + δJ ✱ J = ρ0 + δrho ❡t v = 0+ δv✮✱
❧❡ s②stè♠❡ ❧✐♥é❛r✐sé s✬é❝r✐t ✿
∂δρ
∂t
= −∇ · (ρ0δv)
∂δv
∂t
= −c2S
∇δρ
ρ0
+ δJ ×B0 + J0 × δB
∂δB
∂t
= ∇× (δv ×B0)
❙❡ s❡r✈❛♥t ❞❡ ❧✬éq✉❛t✐♦♥ ❞✬❆♠♣èr❡ ♦♥ ❛ ❧✬✐❞❡♥t✐té ✿ δJ × B0 = [∇(δB.B0) + (B0 ·
∇)δB]/4π✳ P❛ss❛♥t ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡ ❋♦✉r✐❡r ♦♥ ♦❜t✐❡♥t ❧❛ ♠❛tr✐❝❡ ❞❡ ❞✐s♣❡rs✐♦♥ Λ ❡t
❧❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ s✬♦❜t✐❡♥t ♣❛r detΛ = 0✳ ❆♣rès ✉♥ ♣❡✉ ❞✬❛❧❣è❜r❡✱ ❝❡❧❧❡✲❝✐ ♣❡✉t
s✬é❝r✐r❡ ✿
ω6 − aω4 + bω2 + d = 0, ✭✼✳✶✮
❈❍❆P■❚❘❊ ✼✳ ▼❆●◆➱❚■❙❆❚■❖◆ ■◆❚❊❘▼➱❉■❆■❘❊ ✶✸✼
❛✈❡❝ ❧❡s ♥♦t❛t✐♦♥s ✿
a = v2A(k
2 + k2z) + c
2
Sk
2 + iCky
b = v2A(v
2
A + 2c
2
S)k
2
zk
2 + iv2ACkyk
2
z
d = c2sC
2k2xk
2
z − c2Sv4Ak4zk2
❖ù ω ❡st ❧❛ ♣✉❧s❛t✐♦♥ ❞❡ ❧✬♦♥❞❡ ♣❡rt✉r❜❛tr✐❝❡✱ k = {kx, ky, kz} ❡st ❧❡ ✈❡❝t❡✉r ❞✬♦♥❞❡
❝♦rr❡s♣♦♥❞❛♥t✱ vA = B0/
√
4πρ0 ❡st ❧❛ ✈✐t❡ss❡ ❞✬❆❧❢✈é♥ ❡t ❧❛ q✉❛♥t✐té C = J0B0/ρ0✳
❊♥ rés♦❧✈❛♥t ♥✉♠ér✐q✉❡♠❡♥t ❧❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ ✭tr♦✐s ❜r❛♥❝❤❡s ❞❡ s♦❧✉t✐♦♥ ❡♥ ω2✮
♦♥ ♦❜t✐❡♥t ❧❡s s♦❧✉t✐♦♥ ❞❡ ❢♦r♠❡ ω = f(k)✳ ▲❡s s♦❧✉t✐♦♥s ✐♥st❛❜❧❡s ❛♣♣❛r❛✐ss❡♥t ❧❡ ♣❧✉s
❝❧❛✐r❡♠❡♥t ❧♦rsq✉✬♦♥ s❡ ♣❧❛❝❡ à ❧✬é❝❤❡❧❧❡ ❧✐♠✐t❡ ❞❡ ❧❛ ▼❍❉ ✿ kx = ky = kz = 2π/δi✱
♦ù δi = c/ωpi ❡st ❧❛ ❧♦♥❣✉❡✉r ❞✬✐♥❡rt✐❡ ❞❡s ✐♦♥s✳ ❚♦✉t❡s ❧❡s tr♦✐s ❜r❛♥❝❤❡s ❡①❤✐❜❡♥t ❞❡s
s♦❧✉t✐♦♥s ✐♥st❛❜❧❡s✱ ♠❛✐s ♣♦✉r ❞❡✉① ❞✬❡♥tr❡✲❡❧❧❡s ❧❛ ♣❛rt✐❡ ✐♠❛❣✐♥❛✐r❡ ♣♦s✐t✐✈❡ ❞❡ ω ✭ℑ(ω)✮
❡st très ❢❛✐❜❧❡ ♣❛r r❛♣♣♦rt à ❧❛ ♣❛rt✐❡ ré❡❧❧❡ ωr ❡t ♥✬❛✉r❛ ♣r♦❜❛❜❧❡♠❡♥t ♣❛s ❧❡ t❡♠♣s ❞❡
❝r♦✐tr❡ ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r✳ ▲❛ tr♦✐s✐è♠❡ ❜r❛♥❝❤❡ ♣rés❡♥t❡ ✉♥❡ s♦❧✉t✐♦♥ ❢♦rt❡♠❡♥t ✐♥st❛❜❧❡
ℑ(ω) ≫ ℜ(ω) ♣♦✉r ❞❡s ❝♦✉r❛♥ts t❡❧s q✉❡ kcδi > 2π ❡t ℑ(ω) ∝
√
kcvA✳ ❈❡❧❛ ✐♥❞✐q✉❡
q✉❡ ❝✬❡st ❧❛ ❜r❛♥❝❤❡ ❛❧❢✈é♥✐q✉❡ ♦✉ ♠❛❣♥ét♦✲s♦♥✐q✉❡ q✉✐ ❡st ❞ést❛❜✐❧✐sé❡✳ ❯♥ ❝❛❧❝✉❧ à
❞✐♠❡♥s✐♦♥♥❛❧✐té ré❞✉✐t❡✱ ♥é❣❧✐❣❡❛♥t t♦✉t❡ ✈❛r✐❛t✐♦♥ ❡♥ y ✭∂/∂y = 0✱ ky = 0✮ ❞♦♥♥❡ ❧❛
r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ s✉✐✈❛♥t❡ ✿
ω4 − k2(v2A + c2S + ikckxv2A)ω2 + kzk2V 2Ac2S = 0 ✭✼✳✷✮
❉♦♥♥❛♥t ❧✐❡✉ à ❧❛ ❞ést❛❜✐❧✐s❛t✐♦♥ ❞✉ ♠♦❞❡ ♠❛❣♥ét♦✲s♦♥✐q✉❡ r❛♣✐❞❡ ℜ(ω2) ≃ k2(v2A + c2S)
❛✈❡❝ ❧❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ γinst ∼
√
kckxvA✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ s♦❧✉t✐♦♥ ♥✉♠ér✐q✉❡ ❞✉
s②stè♠❡ ❝♦♠♣❧❡t✳ P♦✉rt❛♥t ❝❡tt❡ ✐♥st❛❜✐❧✐té ♥✬❛ ❧✐❡✉ q✉❡ ♣♦✉r kcδi > 2π ❡t ♦♥ ❡st à ❧❛
❧✐♠✐t❡ ❞❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ▼❍❉✱ ❝❡ q✉✐ ✐♥❞✐q✉❡ q✉✬✐❧ ♥♦✉s ❢❛✉t ❛❧❧❡r à ❧✬é❝❤❡❧❧❡ s♣❛t✐❛❧❡ ♣❧✉s
♣❡t✐t❡ ♣♦✉r ❝♦♥✜r♠❡r ❧✬❡①✐st❡♥❝❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té✳ ❯♥ ❛✉tr❡ é❧é♠❡♥t ✐♠♣♦rt❛♥t✱ ✐ss✉ ❞❡ ❝❡tt❡
ét✉❞❡ ▼❍❉✱ ❡st q✉❡ ❧❡s ♠♦❞❡s ❞✬❆❧❢✈é♥ ♣✉rs ✭♣❛s ❞❡ ♣❡rt✉r❜❛t✐♦♥ ❡♥ ❞❡♥s✐té✮ s♦♥t st❛❜❧❡s
❞❛♥s ❝❡tt❡ ❝♦♥✜❣✉r❛t✐♦♥ ❞❡ ❝♦✉r❛♥t✱ ❝❡ q✉✐ s♦✉❧✐❣♥❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ♣❡rt✉r❜❛t✐♦♥ ❡♥
❞❡♥s✐té✳
✼✳✸ ❆♣♣r♦❝❤❡ à ❞❡✉① ✢✉✐❞❡s
❆❞♦♣t❛♥t ✉♥❡ ❞❡s❝r✐♣t✐♦♥ à ❞❡✉① ✢✉✐❞❡s✱ ♦♥ ❛❝❝è❞❡ à ❧❛ ❜❛♥❞❡ ❞❡ ❢réq✉❡♥❝❡ ✐♥t❡r♠é✲
❞✐❛✐r❡ ωc ≪ ω ≪ ωp ❡t ♣❡r♠❡tt❛♥t ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❝♦♥✈❡♥❛❜❧❡ ❞❡s é❝❤❡❧❧❡s s✉♣ér✐❡✉r❡s à
❧✬é❝❤❡❧❧❡ ❞✬✐♥❡rt✐❡ ♠❛✐s ♣♦✉✈❛♥t êtr❡ ✐♥❢ér✐❡✉r❡s ❛✉ r❛②♦♥ ❞❡ ▲❛r♠♦r✳ ■❝✐✱ ♥♦✉s ♥❡ t✐❡♥❞r♦♥s
♣❛s ❝♦♠♣t❡ ❞❡s ✈❛r✐❛t✐♦♥s ❧❡ ❧♦♥❣ ❞❡ y ✭❞✐r❡❝t✐♦♥ ❞❡ ❝♦✉r❛♥t ❡①t❡r♥❡✮✱ ❧✬❛♣♣r♦❝❤❡ ❡st ❛✐♥s✐
s✐♠♣❧✐✜é❡ ❡♥ ❣❛r❞❛♥t ❧✬❡ss❡♥t✐❡❧ ❞❡ ❧❛ ♣❤②s✐q✉❡✳ ❉❡✉① ❝❛s s♦♥t à ❞✐st✐♥❣✉❡r ✿ ♣❧❛s♠❛ ❞❡
✶✸✽ ✼✳✸✳ ❆PP❘❖❈❍❊ ➚ ❉❊❯❳ ❋▲❯■❉❊❙
♣❛✐r❡s e− − e+ ❛✈❡❝ mi = me ❡t ❧❡ ♣❧❛s♠❛ é❧❡❝tr♦♥s ✲ ♣r♦t♦♥s ❛✈❡❝ mi ≫ me✳
✼✳✸✳✶ P❧❛s♠❛ ❞❡ ♣❛✐r❡s
▲❛ ♣rés❡♥❝❡ ❞✬✉♥ ❢♦rt ❝♦✉r❛♥t ❡①t❡r♥❡ ♣r♦❞✉✐t ✉♥❡ ❞ér✐✈❡ ❞✬é❧❡❝tr♦♥s ❡t ♣♦s✐tr♦♥s ❡♥
s❡♥s ♦♣♣♦sés ❡t ❞❡ ♠ê♠❡ ❛♠♣❧✐t✉❞❡ ✭±v0✮ ♣❛r r❛♣♣♦rt ❛✉ ❝❡♥tr❡ ❞❡ ♠❛ss❡ ❞✉ s②stè♠❡✳
❈❡tt❡ ❞ér✐✈❡ ❝♦♥str✉✐t ❧❡ ❝♦✉r❛♥t ❞❡ ré♣♦♥s❡ ❛✜♥ ❞❡ s❛t✐s❢❛✐r❡ à ❧❛ ❝♦♥❞✐t✐♦♥ ❞✬❛♥♥✉✲
❧❛t✐♦♥ ❞✉ ❝♦✉r❛♥t t♦t❛❧ ❞❛♥s ❧❡ ♣❧❛s♠❛✳ ❈❡ ❝♦✉r❛♥t ❞❡ ❝♦♠♣❡♥s❛t✐♦♥✱ ♣❡rt✉r❜é ♣❛r ❧❡s
✢✉❝t✉❛t✐♦♥s ❞❡ ❞❡♥s✐té✱ ❝♦✉♣❧❡ ❧❡ ♠♦❞❡ ❡①tr❛♦r❞✐♥❛✐r❡ ❛✈❡❝ ❧❡s ✢✉❝t✉❛t✐♦♥s s♦♥✐q✉❡s✳ ❈❡
♠é❝❛♥✐s♠❡ ❡st à ❧✬♦r✐❣✐♥❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té✳
❆ ♠❛❣♥ét✐s❛t✐♦♥ ❢❛✐❜❧❡ ♦♥ r❡❝❤❡r❝❤❡ ❞❡s ♠♦❞❡s ❛✈❡❝ |ω|2 ≫ ω2c ❡t ♦♥ ♣❡✉t ❞♦♥❝
♥é❣❧✐❣❡r ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♠♦②❡♥ à ❧✬♦♥❞❡✳ ■❧ ❡st ❝♦♠♠♦❞❡ ❞❡ ❞é✜♥✐r
❞❡✉① q✉❛♥t✐tés r❡❧❡✈❛♥t❡s ✿ ❧❛ ✢✉❝t✉❛t✐♦♥ ❡♥ ❞❡♥s✐té ❣❧♦❜❛❧❡ δn = (δn− + δn+)/2 ❡t ❧❡
♣♦t❡♥t✐❡❧ ✈❡❝t❡✉r ✭s❡✉❧❡ ❝♦♠♣♦s❛♥t❡ ❧❡ ❧♦♥❣ ❞❡ y✮ A = Ay✱ ❞❡ ❢❛ç♦♥ à s❛t✐s❢❛✐r❡ ❧✬éq✉❛t✐♦♥
❞❡ ▼❛①✇❡❧❧ Ey = −∂tA/c✳ ▲❡ s②stè♠❡ ❞✬éq✉❛t✐♦♥s à ❞❡✉① ✢✉✐❞❡s✱ ❝♦✉♣❧é ❛✉① éq✉❛t✐♦♥s
❞❡ ▼❛①✇❡❧❧ s❡ r❛♠è♥❡ ❛✉ s②stè♠❡ s✐♠♣❧✐✜é ✿
(∂2t + ω
2
p − c2∆)A = 2× 4πecv0δn ✭✼✳✸✮
(∂2t − c2s∆)δn = −
n0ev0
mc
(∂xxA+ ∂zzA) ✭✼✳✹✮
P♦✉r ✉♥❡ ❞ér✐✈❡ t❡❧❧❡ q✉❡ v0 > cS
√
1 + kzc/ωp ❡t k2c2/ω2p ≥ 1✱ ♦♥ ♦❜t✐❡♥t ✉♥ ♠♦❞❡
✐♥st❛❜❧❡ ❛✈❡❝ ❧❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ≃ v0ωp/c ✿
ω2 = k2c2S − ω2p
k2v20
ω2p + k
2c2
, ✭✼✳✺✮
s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧✳ ❙❛✉❢ q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐✲
❜❡❧ ❧❡ ❝♦✉r❛♥t ❞❡ ré♣♦♥s❡ ❡st ♥❡✉tr❡✱ ❛❧♦rs q✉✬✐❝✐ ✐❧ ♥❡ ❧✬❡st ♣❛s✳ ▲❡s str✉❝t✉r❡s✱ ♣r♦❞✉✐t❡s
♣❛r ❧✬✐♥st❛❜✐❧✐té s♦♥t ❞❡s ✜❧❛♠❡♥ts ❛✉ss✐✳ ❈♦♥tr❛✐r❡♠❡♥t à ❧❛ ✜❧❛♠❡♥t❛t✐♦♥ ❞❡ ❧✬✐♥st❛✲
❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ♦ù ❧❡s ♣♦❧❛r✐tés ❞❡s ✜❧❛♠❡♥ts s♦♥t ❛❧t❡r♥é❡s✱ ✐❝✐ ❝❤❛q✉❡ ✜❧❛♠❡♥t ❛✉r❛
❧❛ ♠ê♠❡ ♣♦❧❛r✐té ❡t ❞♦♥❝ ✉♥ ❞é✈❡❧♦♣♣❡♠❡♥t ♥♦♥✲❧✐♥é❛✐r❡ ❞✐✛ér❡♥t✱ s♦✉♠✐s à ✉♥❡ r❛♣✐❞❡
❝♦❛❧❡s❝❡♥❝❡ ❞❡ ✜❧❛♠❡♥ts✳ ❈❡ ♣♦✐♥t s❡r❛ t❡sté à ❧✬❛✐❞❡ ❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s✱ ✉♥
♣❡✉ ♣❧✉s ❧♦✐♥ ✭s♦✉s✲s❡❝t✐♦♥ ✼✳✹✮✳ ▲❛ ♣rés❡♥t❡ ✐♥st❛❜✐❧✐té ❡st ❞♦♥❝ ♥♦♠♠é❡ ■♥st❛❜✐❧✐té ❞❡
❈♦✉r❛♥t✲❋✐❧❛♠❡♥t❛t✐♦♥ ✭■❈❋✮✳
❘❡✈❡♥♦♥s ❛✉ ❝r✐tèr❡ ❞❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝ ✭❧❛
t❛✐❧❧❡ ❞❡ ❝❡❧✉✐✲❝✐ ❡st ♣❡t✐t❡ ✿ c/γshωc✮✳ ■❧ ❢❛✉t q✉❡ v0ωc/c > γshωc ♦✉ σ < 1/γ2sh✳ ❘❛♣♣❡❧♦♥s
q✉❡ ❧❡ s❡✉✐❧ ♣♦✉r ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ❡st ♣❧✉s ❜❛s ✿ σ < ξcr/γ2sh✱ ❛✈❡❝ ξcr ∼ 0.01− 0.1✳
▲❛ ■❈❋ s❡ ♠❡t ❞♦♥❝ ❡♥ ♣❧❛❝❡ ❞❛♥s ❧❡ ré❣✐♠❡ ❞❡ ♠❛❣♥ét✐s❛t✐♦♥s ✐♥t❡r♠é❞✐❛✐r❡s ✿ ξcr/γ2sh <
σ ≤ 1/γ2sh✳
❈❍❆P■❚❘❊ ✼✳ ▼❆●◆➱❚■❙❆❚■❖◆ ■◆❚❊❘▼➱❉■❆■❘❊ ✶✸✾
❆ ♠❛❣♥ét✐s❛t✐♦♥ ✜♥✐❡ ✭♣❧✉s ❤❛✉t❡✮✱ ❧❡ ❝❛❧❝✉❧ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❡st ♣❧✉s ❝♦♠♣❧✐q✉é✳ ▲❡
❝♦✉♣❧❛❣❡ ❡♥tr❡ A✱ δn ❡t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❣❧♦❜❛❧ ❞✉ ♣❧❛s♠❛ ζx ❡♥ ❞✐r❡❝t✐♦♥ x ❡st r❡q✉✐s✱ ❡♥
t❡♥❛♥t ❝♦♠♣t❡ ❞✉ ❝♦✉r❛♥t ❞❡ ré♣♦♥s❡ ❞❡s ❝♦s♠✐q✉❡s ❡t ❞✉ ❝♦✉r❛♥t ❞❡ ❝♦♠♣❡♥s❛t✐♦♥✱ t♦✉s
❧❡s ❞❡✉①✳ ❖♥ ♦❜t✐❡♥t ✉♥ s②stè♠❡ ❞❡ tr♦✐s éq✉❛t✐♦♥s ❞❡ ✷nd ♦r❞r❡ ❝♦✉♣❧é❡s ❡♥ A✱ ζx ❡t δn✳
❈❡ ❝❛❧❝✉❧ ♥❡ s❡r❛ ♣♦✉rt❛♥t ♣❛s ❛❜♦r❞é ✐❝✐ ♠❛✐s ❞❛♥s ✉♥ tr❛✈❛✐❧✱ s♦✉♠✐s ❛✉ ❥♦✉r♥❛❧ ▼◆❘❆❙
✭ ▲❡♠♦✐♥❡✱ P❡❧❧❡t✐❡r✱ ●r❡♠✐❧❧❡t✱ P❧♦t♥✐❦♦✈ ✷✵✶✸✮ ❡t r❡♣r♦❞✉✐t ✐♥té❣r❛❧❡♠❡♥t ❞❛♥s ❧✬❆♥♥❡①❡
❈✳ ▼❡♥t✐♦♥♥♦♥s q✉❡ ❝❡tt❡ ❛♣♣r♦❝❤❡ ♣❡r♠❡t ❞❡ ❞é❝r✐r❡ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t ❣r❛❞✉❡❧ ❞✉ ✢♦t
❞❛♥s ❧❡ ♣ré❝✉rs❡✉r✱ ❛✈❡❝ ❧❛ ♠♦♥té❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té✳ ▲❡s ré❣✐♠❡s✱ ❛❧❧❛♥t ❞❡ ♠❛❣♥ét✐s❛t✐♦♥
❜❛ss❡ ≪ γ2sh à ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ é❧❡✈é❡ σ ∼ 0.1 s♦♥t ❛❜♦r❞❛❜❧❡s ❡t ❞♦♥♥❡♥t ❞❡s rés✉❧t❛ts
❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s s✐♠✉❧❛t✐♦♥s P■❈ ré❝❡♥t❡s ❞❡ ❬✺❪✳ ❉❛♥s ❧❡ ré❣✐♠❡ ❞❡ ❣r❛♥❞❡s ❧♦♥❣✉❡✉rs
❞✬♦♥❞❡ ✭k2c2/ω2p ≫ 1✮ ❡t ❜❛ss❡ ♠❛❣♥ét✐s❛t✐♦♥ ♦♥ r❡tr♦✉✈❡ ❧❡ rés✉❧t❛t ▼❍❉ à ✉♥ ✢✉✐❞❡
ℑ(ω) ≃ √kckxvA✳
✼✳✸✳✷ P❧❛s♠❛ ❞✬é❧❡❝tr♦♥s ✲ ♣r♦t♦♥s
❈❡ ❝❛s ❡st ❞✐✛ér❡♥t ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❣r❛♥❞❡ ♠❛ss❡ ❞❡s ✐♦♥s ❡t sé♣❛r❛t✐♦♥ ❞✬é❝❤❡❧❧❡s
é❧❡❝tr♦♥✐q✉❡ ❡t ✐♦♥✐q✉❡✳ ▲❛ ❞✐✣❝✉❧té s✉♣♣❧é♠❡♥t❛✐r❡ ❡st ❞❡ ♠❡ttr❡ ❡♥ ♠♦✉✈❡♠❡♥t ❧❡s
✐♦♥s✱ ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♥❡rt❡s q✉❡ ❧❡s ♣♦s✐tr♦♥s ❞❛♥s ❧❡ ❝❛s ❞✉ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s✳ ❊♥ t♦✉t❡
❧♦❣✐q✉❡✱ ❧❡s ♠♦❞❡s ❡①❝✐tés ✈♦♥t êtr❡ ❞✐✛ér❡♥ts ❞✉ ❝❛s e− − e+✳ ❉❡✉① ❢❛♠✐❧❧❡s ❞❡ ♠♦❞❡s
♣❡✉✈❡♥t êtr❡ ❡♥❝❧❡♥❝❤és ♣❛r ❧❡ ❝♦✉r❛♥t ✿ à ❝r♦✐ss❛♥❝❡ très r❛♣✐❞❡ ♦✉ ♠♦❞❡s s❡ ♣r♦♣❛❣❡❛♥t
♣r❡sq✉❡ à ❧❛ ♠ê♠❡ ✈✐t❡ss❡ q✉❡ ❧❡ ❢r♦♥t ❞❡ ❝❤♦❝✳ ❈❡s ❞❡r♥✐❡rs r❡q✉✐èr❡♥t ❧❛ ❝♦♥❞✐t✐♦♥
❞❡ rés♦♥❛♥❝❡ ω = kxvsh ❡t s♦♥t q✉❛s✐✲st❛t✐q✉❡s ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✱ ❝❡
q✉✐ ❧❡✉r ❛❧❧♦✉❡ ✉♥ t❡♠♣s ❞❡ ❝r♦✐ss❛♥❝❡ s✉♣ér✐❡✉r ❛✉ t❡♠♣s ❞❡ tr❛✈❡rsé❡ ❞✉ ♣ré❝✉rs❡✉r✳
P✉✐sq✉❡ ❧❡ ❝♦✉r❛♥t ❡st tr❛♥s✈❡rs❡ ✭❡♥ ❞✐r❡❝t✐♦♥ y✮ s❡✉❧s ❧❡s ♠♦❞❡s ❡①tr❛♦r❞✐♥❛✐r❡s ♣❡✉✈❡♥t
❝♦♥tr✐❜✉❡r✳ ■❧ ❛♣♣❛r❛✐t q✉❡ tr♦✐s t②♣❡s ❞✬♦♥❞❡s s♦♥t ❛tt❡♥❞✉s ✿
✶✳ ❇r❛♥❝❤❡ ❤❛✉t❡ ❞✉ ♠♦❞❡ ❡①tr❛♦r❞✐♥❛✐r❡ ω2 ≫ ω2HX ✱ q✉✐ ❡st s✉♣❡r✲❧✉♠✐♥✐q✉❡ ♠❛✐s
❝♦♥♥✉❡ ♣♦✉r ❡①❝✐t❡r ❧✬❡✛❡t ♠❛s❡r ♣♦✉r ❞❡s ♠❛❣♥ét✐s❛t✐♦♥ ❤❛✉t❡s✳
✷✳ ❖♥❞❡s ✇❤✐st❧❡r ❞❛♥s ❧❛ ❜❛♥❞❡ ❞❡ ❢réq✉❡♥❝❡s ωci < ω < ωce ❛✈❡❝ kx ∼ l−1p ∼
γshωci/vsh ❡t kz ∼ √γshωpi/c✳ ❈❡s ♦♥❞❡s ♥❡ s♦♥t ❡①❝✐té❡s q✉❡ ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞❡
e− − p ✭sé♣❛r❛t✐♦♥ ❞✬é❝❤❡❧❧❡s✮ q✉❛♥❞ γsh < mp/me✳
✸✳ ❖♥❞❡s ♠❛❣♥ét♦✲s♦♥✐q✉❡s ❛✈❡❝ ❧❛ ✈✐t❡ss❡ ❞❡ ♣❤❛s❡ vm ≪ vsh✳
❈♦♥s✐❞ér♦♥s ❧✬❡✛❡t ❞✉ ♠♦❞❡ ✇❤✐st❧❡r✱ ❧❡ ♠♦✐♥s ❝♦♥♥✉ ❞❛♥s ❧❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s✳ ▼ê♠❡
❡♥ ❧✬❛❜s❡♥❝❡ ❞✉ ❝♦✉r❛♥t ❞ést❛❜✐❧✐s❛♥t✱ ✐❧ ② ❛ ✉♥ ❝♦✉r❛♥t ❛ss♦❝✐é à ❧❛ ❞ér✐✈é é❧❡❝tr♦♥✐q✉❡ ✿
Jw = −n0ecE × B0/B20 ✳ ❙❛♥s ♣❡rt✉r❜❛t✐♦♥ ❞❡ ❞❡♥s✐té ♦♥ ❛✉r❛ ∇ · E = 0 ❡t ❞❡✉①
éq✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧✱ ✐♥❞✉❝t✐♦♥ ❡t ❆♠♣èr❡✱ ❝♦♥❞✉✐s❡♥t à ❧❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥
(
ω2 − c2k2)2 −
(
ω2
ω2pe
ωce
)
= 0 ✭✼✳✻✮
✶✹✵
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▲❡s q✉❛tr❡ ❜r❛♥❝❤❡s ❞❡ s♦❧✉t✐♦♥s s♦♥t ré❡❧❧❡s ✭♦♥❞❡s ♣✉r❡s✮ ❛✈❡❝ ω1,2 ≃ ±ω2pe/ωc ❡t ω3,4 =
±k2c2ωc/ω2pe✳ P♦✉r ❝❡s ❞❡r♥✐èr❡s✱ ❧❛ ✈✐t❡ss❡ ❞❡ ♣❤❛s❡ ❡st ❞✐s♣❡rs✐✈❡ vφ = ±c2kωce/ω2pe
❛✐♥s✐ q✉❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❣r♦✉♣❡ vg = 2vφ✱ ❞✬♦ù ❧❛ ❞é♥♦♠✐♥❛t✐♦♥ ✇❤✐st❧❡rs ✭s✐✤❡✉rs✮✳
❙✐ ♦♥ t✐❡♥t ❝♦♠♣t❡ ❞✉ ❝♦✉r❛♥t ❡①❝✐t❛t❡✉r ❡①t❡r♥❡✱ ❧❡ ❝♦✉r❛♥t ❞❡ ❝♦♠♣❡♥s❛t✐♦♥ ♣❛r ✉♥❡
♣❡rt✉r❜❛t✐♦♥ ❡♥ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ δne s✬é❝r✐t ✿ Jpc = ev0δneey✳ ❖♥ ❛ ❛✉ss✐ ∇ · E =
−4πeδne 6= 0 ❞♦♥t ✐❧ ❢❛✉t t❡♥✐r ❝♦♠♣t❡✳ ▲❛ ré♣♦♥s❡ ❞✉ ❝♦✉r❛♥t ❡①❝✐t❛t❡✉r ❡st ❞é❞✉✐t❡ à
♣❛rt✐r ❞❡s éq✉❛t✐♦♥s ❞❡ ♠♦✉✈❡♠❡♥t ❞❡s é❧❡❝tr♦♥s✳ ❊♥ ❛♣♣r♦①✐♠❛♥t δne/n0 ≪ δBz/B0✱
♦♥ ♦❜t✐❡♥t ❛✐♥s✐ ❧❡ s②stè♠❡ ❧✐♥é❛r✐sé ❞❡ ❞❡✉① éq✉❛t✐♦♥s ♣♦rt❛♥t s✉r Ex ❡t Ey✳ ❊♥s✉✐t❡✱
♦♥ sé♣❛r❡ ❧❡ s②stè♠❡ ❡♥ ♣❛rt✐❡s r❛♣✐❞❡♠❡♥t ♦s❝✐❧❧❛♥t❡ ❡t ❧❡♥t❡♠❡♥t ♦s❝✐❧❧❛♥t❡✳ ▲❛ ♣❛rt✐❡
r❛♣✐❞❡♠❡♥t ♦s❝✐❧❧❛♥t❡ ❝♦rr❡s♣♦♥❞ ❛✉① ♦♥❞❡s ✇❤✐st❧❡r à ♣♦❧❛r✐s❛t✐♦♥ ❝✐r❝✉❧❛✐r❡ ❞r♦✐t❡ ✭Ey =
iEx✮✱ s❡ ♣r♦♣❛❣❡❛♥t à ❧❛ ✈✐t❡ss❡ ❞✉ ❢r♦♥t✱ ❡t ❧❛ ♣❛rt✐❡ ❧❡♥t❡♠❡♥t ♦s❝✐❧❧❛♥t❡ ♠❡t ❡♥ é✈✐❞❡♥❝❡
❧✬✐♥st❛❜✐❧✐té ❛✈❡❝ ❧❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ γw ∼ ωwv0/vsh✱ ♦ù ωw = ωcek2zc2/ω2pe ∼ γshωci✳
❈❡tt❡ ✐♥st❛❜✐❧✐té ❡st t♦✉❥♦✉rs ♣rés❡♥t❡✱ q✉❡❧ q✉❡ s♦✐t σ ❡t γsh ♣✉✐sq✉❡ ❧❡s ♠♦❞❡s s♦♥t q✉❛s✐✲
st❛t✐♦♥♥❛✐r❡s ♣❛r r❛♣♣♦rt ❛✉ ❢r♦♥t✳ ❚♦✉t❡❢♦✐s✱ ❡❧❧❡ r❡q✉✐❡rt ✉♥❡ t❡♠♣ér❛t✉r❡ é❧❡❝tr♦♥✐q✉❡
♣❛s tr♦♣ é❧❡✈é❡ Te < mic2/γsh✳ ❈❡tt❡ ❝♦♥❞✐t✐♦♥ ❡st ♣r♦❜❛❜❧❡♠❡♥t r❡♠♣❧✐❡ ❞❛♥s ❧❛ ♣❛rt✐❡
❡①t❡r♥❡ ❞✉ ♣ré❝✉rs❡✉r ❡t✱ ♣rès ❞✉ ❢r♦♥t✱ ❝❡s ♠♦❞❡s ♥❡ s♦♥t ♣❛s ♣rés❡♥ts ❞❛♥s ❧❡ ♣❧❛s♠❛
❞✬é❧❡❝tr♦♥s ❝❤❛✉❞s✳
❙❡✉❧❡s ❧❡s ❣r❛♥❞❡s ❧✐❣♥❡s ❞❡s r❛✐s♦♥♥❡♠❡♥ts ♦♥t été ♣rés❡♥té❡s ✐❝✐✳ ❊t ❧✬❛♣♣r♦❝❤❡ ❞é✲
t❛✐❧❧é❡ ❞✉ ♣r♦❜❧è♠❡ ❞❡s ✐♥st❛❜✐❧✐tés ❞❡ ❝♦✉r❛♥t ❛✉ ❝❤♦❝ r❡❧❛t✐✈✐st❡ ❡st ♣rés❡♥té❡ ❞❛♥s ❧✬❛r✲
t✐❝❧❡ s♦✉♠✐s à ▼◆❘❆❙✱ ♣❛r ▼❛rt✐♥ ▲❡♠♦✐♥❡ ✭■❆P✮✱ ●✉② P❡❧❧❡t✐❡r ❡t ▲❛✉r❡♥t ●r❡♠✐❧❧❡t
✭❈❊❆✮ ❡t ♠♦✐✲♠ê♠❡✱ r❡♣r♦❞✉✐t ❞❛♥s ❧✬❆♥♥❡①❡ ❈✳ ❯♥❡ ét✉❞❡ ♥✉♠ér✐q✉❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té
❡st ❡♥ ❝♦✉rs ❞♦♥t q✉❡❧q✉❡s é❧é♠❡♥ts✱ ♣ré❧✐♠✐♥❛✐r❡s✱ s♦♥t ❞♦♥♥és ❞❛♥s ❧❛ s♦✉s✲s❡❝t✐♦♥ q✉✐
s✉✐t✳
✼✳✹ ❘és✉❧t❛ts ♣ré❧✐♠✐♥❛✐r❡s ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ✷❉ ❞❡ ❧✬✐♥✲
st❛❜✐❧✐té
❆✜♥ ❞✬❛ss❡♦✐r ❧❡s ♣ré✈✐s✐♦♥s ❞❡ ❧✬é✈♦❧✉t✐♦♥ ♥♦♥✲❧✐♥é❛✐r❡ ❞❡ ❧✬■❈❋ ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞❡ ♣❛✐r❡s
♦♥ ♣r♦❝è❞❡ ❛✉① s✐♠✉❧❛t✐♦♥s P■❈ ✷❉ ❛✈❡❝ ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s ♣ér✐♦❞✐q✉❡s ❞❛♥s t♦✉t❡s ❧❡s
❞✐r❡❝t✐♦♥s✳ ▲❡ ❝♦❞❡ ✷❉ ét❛♥t ❡♥ ❞é✈❡❧♦♣♣❡♠❡♥t✱ ❧❡s rés✉❧t❛ts ♣rés❡♥tés s♦♥t ♣ré❧✐♠✐♥❛✐r❡s
♠❛✐s ❛ss❡③ r❡♣rés❡♥t❛t✐❢s ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❣é♥ér❛❧ ❞❡s ✐♥st❛❜✐❧✐tés✶✳
✶◆♦t♦♥s q✉✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ s✐♠✉❧❡r ❧✬✐♥st❛❜✐❧✐té ❛✈❡❝ ✉♥❡ ✈❡rs✐♦♥ ✶❉ ❞✉ ❝♦❞❡ P■❈✱ ❡♥ ✐♠♣♦s❛♥t
✉♥❡ ❞ér✐✈❡ ♦✉ ✉♥ ❝♦✉r❛♥t tr❛♥s✈❡rs❡ à ❧❛ ❜♦✐t❡ ❞❡ s✐♠✉❧❛t✐♦♥✳ ❈❡❝✐ ❛ été ❢❛✐t ❛✈❡❝ ❧❡ ❝♦❞❡ ❯❩❊■◆ ✶❉ à
❧✬❛✐❞❡ ❞✬✉♥❡ sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥s ♦ù ❧❡ ♣❧❛s♠❛ ❡♥ ❞ér✐✈❡s tr❛♥s✈❡rs❡s à ❧❛ ❜♦✐t❡ ❞♦♥♥❡ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts
❈❍❆P■❚❘❊ ✼✳ ▼❆●◆➱❚■❙❆❚■❖◆ ■◆❚❊❘▼➱❉■❆■❘❊ ✶✹✶
❋✐❣✳ ✼✳✶✿ ❙✐♠✉❧❛t✐♦♥ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ❡♥ ✷❉ à q✉❛tr❡ t❡♠♣s ❞❡ s✐♠✉❧❛t✐♦♥ ✿
tωpe = 2, 7, 12, 50 ♣♦✉r γdβd = 1✳ ▲❡s ❣r❛♣❤❡s ❞❡ ❣❛✉❝❤❡ s✉r ❝❤❛q✉❡ ✜❣✉r❡ r❡♣rés❡♥t❡♥t
❧❡s ✐s♦♥✐✈❡❛✉① ❞❡ ❧✬é♥❡r❣✐❡ ♠❛❣♥ét✐q✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❛♥s ❧❛ ❜♦✐t❡ ✭x, y✮✳
▲❡s ❣r❛♣❤❡s ❞❡ ❞r♦✐t❡ ✿ é✈♦❧✉t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ♠❛❣♥ét✐q✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ✭é❝❤❡❧❧❡
❧✐♥é❛✐r❡ ✲ ❧♦❣✮✳ ❆ t = 2 ❧❡ ❝❤❛♠♣ ❡st ❛✉ ♥✐✈❡❛✉ ❞❡s ✢✉❝t✉❛t✐♦♥s t❤❡r♠✐q✉❡s✱ à t = 7 ♦♥ ❡st
❡♥ ♣❤❛s❡ ❞❡ ❝r♦✐ss❛♥❝❡✱ à t = 12 ♦♥ ❛tt❡✐♥t ❧❛ s❛t✉r❛t✐♦♥ ❞✬é♥❡r❣✐❡ ♠❛❣♥ét✐q✉❡ ❡t t = 50
❡st ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ❉❛♥s ❧❛ ♣❤❛s❡ ♥♦♥✲❧✐♥é❛✐r❡ t > 12 ❧❛ t❛✐❧❧❡ ❞❡s ✜❧❛♠❡♥ts ❣r❛♥❞✐t
❧❡♥t❡♠❡♥t✳
▲❛ ❜♦ît❡ ❡st ❡♥ x× y ❡t ❧❛ ❞ér✐✈❡ ❞❡s ♣♦s✐tr♦♥s ❡t é❧❡❝tr♦♥s s✉✐✈❛♥t z✱ tr❛♥s✈❡rs❛❧❡ à
❧❛ ❜♦ît❡ ❞❡ s✐♠✉❧❛t✐♦♥✳ ❉❡✉① ❝❛s s♦♥t ét✉❞✐és ✿ ❧❛ ❞ér✐✈❡ s❛t✐s❢❛✐s❛♥t ❛✉ ❝♦✉r❛♥t ♥❡✉tr❡
✭♠♦✐t✐é é❧❡❝tr♦♥s ❞ér✐✈❡ ❛✈❡❝ ❧❛ ✈✐t❡ss❡ v0 s✉✐✈❛♥t +z✱ ❧✬❛✉tr❡ ♠♦✐t✐é ❞ér✐✈❡ s✉✐✈❛♥t −z
❡t ❞❡ ♠ê♠❡ ♣♦✉r ❧❡s ♣♦s✐tr♦♥s ❀ ❧❡s ❞❡✉① s♦♥t ❞♦♥❝ ♥❡✉tr❡s✮ ❡t ❞ér✐✈❡ ❞♦♥♥❛♥t ❧✐❡✉ à ✉♥
❝♦✉r❛♥t ♥❡t ✭t♦✉s ❧❡s é❧❡❝tr♦♥s s✉✐✈❛♥t −z ❡t t♦✉s ❧❡s ♣♦s✐tr♦♥s s✉✐✈❛♥t +z✮✳ ▲❡ ♣r❡♠✐❡r
❝❛s ❞♦♥♥❡ ❧✐❡✉ à ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ❡t ❧❡ ❞❡✉①✐è♠❡ ✲ à ❧✬■❈❋✳ P♦✉r s✐♠♣❧✐✜❡r✱ ❧❛
♠❛❣♥ét✐s❛t✐♦♥ ❡st ♥✉❧❧❡ ❞❛♥s ❧❡s ❞❡✉① ❝❛s ❡t ✐❧ ♥✬② ❛ ♣❛s ❞❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡
✭B0 = 0✮✳ ❖♥ ❝❤♦✐s✐t ❧❛ ❞ér✐✈❡ t❡❧❧❡ q✉❡ γ0v0/c = 1✱ ❡♥ ❧✐♠✐t❡ ♠♦②❡♥♥❡♠❡♥t r❡❧❛t✐✈✐st❡✳
❞✐✛ér❡♥ts s✐ ❧❛ ❞ér✐✈❡ ❡st à ❝♦✉r❛♥t ♥❡t ♥✉❧ ✭✜❧❛♠❡♥ts st❛❜❧❡s✮ q✉❡ s✐ ❡❧❧❡ ❡st à ❝♦✉r❛♥t ♥♦♥✲♥✉❧ ✭❢✉s✐♦♥
❞✉ ♣❧❛s♠❛ ❡♥ ✉♥ ❜❧♦❝✮✳ ❏❡ ♥❡ ❞✐s❝✉t❡r❛✐s ♣❛s ❞✬❛✈❛♥t❛❣❡ ❝❡s s✐♠✉❧❛t✐♦♥s ✐❝✐ ♣✉✐sq✉❡ ❧❡s s✐♠✉❧❛t✐♦♥s ✷❉
❡♥ r❡tr♦✉✈❡♥t t♦✉t❡s ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ✭❡t ♣❧✉s✮✳
✶✹✷
✼✳✹✳ ❘➱❙❯▲❚❆❚❙ P❘➱▲■▼■◆❆■❘❊❙ ❉❊❙ ❙■▼❯▲❆❚■❖◆❙ P■❈ ✷❉ ❉❊
▲✬■◆❙❚❆❇■▲■❚➱
❋✐❣✳ ✼✳✷✿ ❙✐♠✉❧❛t✐♦♥ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❈♦✉r❛♥t ✜❧❛♠❡♥t❛t✐♦♥ ❡♥ ✷❉ à q✉❛tr❡ t❡♠♣s ❞❡
s✐♠✉❧❛t✐♦♥ tωpe = 4, 17, 40, 100 ✭❧✬♦r❞r❡ ❞❡ ❧❡❝t✉r❡ ✿ ❞❡ ❣❛✉❝❤❡ à ❞r♦✐t❡✮✳
▲❡ rés✉❧t❛t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ à ❝♦✉r❛♥t ♥❡✉tr❡ ❡st ♣rés❡♥té ❋✐❣ ✼✳✶✳ ▲❛ str✉❝t✉r❡ ❞✉
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✭❣r❛♣❤❡s ❞❡ ❣❛✉❝❤❡✮ ❡t ❧✬é✈♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ❧✬é♥❡r❣✐❡ ♠❛❣♥ét✐q✉❡
✭❣r❛♣❤❡s ❞❡ ❞r♦✐t❡✮ s♦♥t ♣rés❡♥tés à q✉❛tr❡ t❡♠♣s ❞❡ s✐♠✉❧❛t✐♦♥ ✿ ✢✉❝t✉❛t✐♦♥s t❤❡r♠✐q✉❡s
✭t = 2ω−1pe ✱ ❤❛✉t à ❣❛✉❝❤❡✮✱ ❡♥ ♣❤❛s❡ ❞❡ ❝r♦✐ss❛♥❝❡ ✭t = 7ω−1pe ✱ ❤❛✉t à ❞r♦✐t❡✮✱ s❛t✉r❛t✐♦♥
✭t = 12ω−1pe ✱ ❜❛s à ❣❛✉❝❤❡✮ ❡t ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭t = 50ω−1pe ✱ ❜❛s à ❞r♦✐t❡✮✳ ❆ ❧❛
s❛t✉r❛t✐♦♥ ❧✬é❝❤❡❧❧❡ ❞❡s ✢✉❝t✉❛t✐♦♥s ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ c/ωp ❡t ❡♥s✉✐t❡ ❝r♦✐t ❧❡♥t❡♠❡♥t ❛✉
❢✉r ❡t à ♠❡s✉r❡ q✉❡ ❧✬é♥❡r❣✐❡ ❞✉ ❝❤❛♠♣ ❞é❝r♦✐t ❥✉sq✉✬à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭❡✳❣✳✱
❧❛ s✐♠✉❧❛t✐♦♥ s❡♠❜❧❛❜❧❡ ❞❡ ●r✉③✐♥♦✈ ❬✻❪✮✳ ❈✬❡st ✉♥❡ é✈♦❧✉t✐♦♥ t②♣❡ ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡
❲❡✐❜❡❧✲✜❧❛♠❡♥t❛t✐♦♥✳
▲❡ rés✉❧t❛t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ✉♥ ❝♦✉r❛♥t ♥❡t ❡st ♣rés❡♥té ❋✐❣✳ ✼✳✷✳ ❈❡tt❡ ❢♦✐s
❝❡ s♦♥t ❧❡s ♣♦s✐t✐♦♥s ❞❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ❧❛ ❜♦ît❡ q✉✐ s♦♥t ❛✣❝❤é❡s ❞❛♥s ❧❡s ❣r❛♣❤❡s ❞❡
❣❛✉❝❤❡✱ ❛✉ ❧✐❡✉ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ à q✉❛tr❡ t❡♠♣s tωp = 4, 17, 40 ❡t
100✳ ■♥✐t✐❛❧❡♠❡♥t✱ ❧❡ ♣❧❛s♠❛ ✜❧❛♠❡♥t❡ ❛✉ss✐ ❡t ❝❡tt❡ ♣❤❛s❡ s❛t✉r❡ à t = 15ω−1pe ✳ ▲✬é♥❡r❣✐❡
❞✉ ❝❤❛♠♣ ❝♦♥t✐♥✉❡ ♣♦✉rt❛♥t à ❝r♦✐tr❡ s✉✐t❡ à ❧❛ ❝♦❛❧❡s❝❡♥❝❡ r❛♣✐❞❡ ❞❡s ✜❧❛♠❡♥ts ❞♦♥t
✉♥ s❡✉❧ s✉❜s✐st❡ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ t = 100ω−1pe ✳ ▲❡ ❝♦♠♣♦rt❡♠❡♥t ❡♥ ♣❤❛s❡ ♥♦♥✲
❧✐♥é❛✐r❡ ❡st ❞♦♥❝ très ❞✐✛ér❡♥t ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ♣♦❧❛r✐té ❛❧✐❣♥é❡
❇■❇▲■❖●❘❆P❍■❊ ✶✹✸
❞❡s ✜❧❛♠❡♥ts ❞❡ ❝♦✉r❛♥t✳
❘❛♣♣❡❧♦♥s ❛✉ss✐✱ q✉✬♦♥ s✬❛tt❡♥❞ à ❝❡ q✉❡ ❧❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❞❡ ❧✬■❈❋ s♦✐t ❧❡ ♠ê♠❡
q✉❡ ❝❡❧✉✐ ❞❡ ❲❡✐❜❡❧✱ à ❞ér✐✈❡ v0 é❣❛❧❡✳ ❈❡ rés✉❧t❛t ❡st ✈❛❧✐❞é ♣❛r ❞❡✉① sér✐❡s ❞❡ s✐✲
♠✉❧❛t✐♦♥s ✶❉✱ ❡♥ ✈❛r✐❛♥t v0 ♦♥ tr♦✉✈❡ ❧❡ ♠ê♠❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ♣♦✉r ❧❡s ❞❡✉①✱ ❞✉
ré❣✐♠❡ ♥♦♥✲r❡❧❛t✐✈✐st❡ à ❧✬✉❧tr❛✲r❡❧❛t✐✈✐st❡ ✿ γinst ≃ v021/2ωp/c ∝ β0/√γ0✱ ❛✈❡❝ ωp =√
4πn0e2/(γ0me)✳ ▲❛ ❞✐✛ér❡♥❝❡ ❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ♥♦♥✲❧✐♥é❛✐r❡ ❡st ✈✐s✐❜❧❡ à ✶❉ ❛✉ss✐✳
▲❡s ✜❧❛♠❡♥ts ✭♥❛♣♣❡s à ✶❉✮ ❢✉s✐♦♥♥❡♥t r❛♣✐❞❡♠❡♥t ♣♦✉r ❧✬■❈❋ ❡t r❡st❡♥t st❛❜❧❡s s✉✐t❡ à
❧✬✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧✳
❇✐❜❧✐♦❣r❛♣❤✐❡
❬✶❪ ▼✳ ▲❡♠♦✐♥❡ ❛♥❞ ●✳ P❡❧❧❡t✐❡r✳ ❖♥ ✐♥st❛❜✐❧✐t✐❡s ❛t ✉❧tr❛✲r❡❧❛t✐✈✐st✐❝ s❤♦❝❦ ✇❛✈❡s✳ ▼◆✲
❘❆❙✱ ✺✽✾ ✿▲✼✸✱ ✷✵✶✵✳
❬✷❪ ❆✳ ❇r❡t✳ ❲❡✐❜❡❧✱ ❚✇♦✲❙tr❡❛♠✱ ❋✐❧❛♠❡♥t❛t✐♦♥✱ ❖❜❧✐q✉❡✱ ❇❡❧❧✱ ❇✉♥❡♠❛♥✳✳✳❲❤✐❝❤ ❖♥❡
●r♦✇s ❋❛st❡r ❄ ❆♣❏✱ ✻✾✾ ✿✾✾✵✱ ✷✵✵✾✳
❬✸❪ ▲✳ ❙✐r♦♥✐ ❛♥❞ ❆✳ ❙♣✐t❦♦✈s❦②✳ P❛rt✐❝❧❡ ❆❝❝❡❧❡r❛t✐♦♥ ✐♥ ❘❡❧❛t✐✈✐st✐❝ ▼❛❣♥❡t✐③❡❞ ❈♦❧❧✐✲
s✐♦♥❧❡ss P❛✐r ❙❤♦❝❦s ✿ ❉❡♣❡♥❞❡♥❝❡ ♦❢ ❙❤♦❝❦ ❆❝❝❡❧❡r❛t✐♦♥ ♦♥ ▼❛❣♥❡t✐❝ ❖❜❧✐q✉✐t②✳ ❆♣❏✱
✻✾✽ ✿✶✺✷✸✱ ✷✵✵✾✳
❬✹❪ ▲✳ ❙✐r♦♥✐ ❛♥❞ ❆✳ ❙♣✐t❦♦✈s❦②✳ P❛rt✐❝❧❡ ❆❝❝❡❧❡r❛t✐♦♥ ✐♥ ❘❡❧❛t✐✈✐st✐❝ ▼❛❣♥❡t✐③❡❞ ❈♦❧❧✐✲
s✐♦♥❧❡ss ❊❧❡❝tr♦♥✲■♦♥ ❙❤♦❝❦s✳ ❆♣❏✱ ✼✷✻ ✿✼✺✱ ✷✵✶✶✳
❬✺❪ ▲✳ ❙✐r♦♥✐✱ ❆✳ ❙♣✐t❦♦✈s❦②✱ ❛♥❞ ❆r♦♥s ❏✳ ❚❤❡ ▼❛①✐♠✉♠ ❊♥❡r❣② ♦❢ ❆❝❝❡❧❡r❛t❡❞ P❛rt✐❝❧❡s
✐♥ ❘❡❧❛t✐✈✐st✐❝ ❈♦❧❧✐s✐♦♥❧❡ss ❙❤♦❝❦s✳ ❆♣❏✱ ✼✼✶ ✿✺✹✱ ✷✵✶✸✳
❬✻❪ ❆✳ ●r✉③✐♥♦✈✳ ●❛♠♠❛✲❘❛② ❇✉rst P❤❡♥♦♠❡♥♦❧♦❣②✱ ❙❤♦❝❦ ❉②♥❛♠♦✱ ❛♥❞ t❤❡ ❋✐rst
▼❛❣♥❡t✐❝ ❋✐❡❧❞s✳ ❆♣❏▲✱ ✺✻✸ ✿▲✶✺✕▲✶✽✱ ✷✵✵✶✳

❈❤❛♣✐tr❡ ✽
P❡rs♣❡❝t✐✈❡s ❡t ❝♦♥❝❧✉s✐♦♥s
❉
❛♥s ❝❡ ❝❤❛♣✐tr❡ q✉❡❧q✉❡s tr❛✈❛✉① ❡♥ ♣❡rs♣❡❝t✐✈❡ ❡t ❝♦♥t✐♥✉✐té ❞✉ tr❛✈❛✐❧ ❞❡ t❤ès❡ s♦♥t
♣rés❡♥tés ❛✐♥s✐ q✉❡ ❧❛ ❝♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡✳
✽✳✶ ▲❡ ♣ré❝✉rs❡✉r r❛❞✐❛t✐❢
▲♦rs ❞✬✉♥ ❙●✱ ❧❡ ✢❛s❤ ❡♥ r❛②♦♥s γ ❞✉ s✉rs❛✉t ❧✉✐✲♠ê♠❡ ❝♦♥st✐t✉❡ ✉♥ ❢♦rt ♣ré❝✉rs❡✉r ❞✉
❝❤♦❝ ❡①t❡r♥❡ q✉✐ s❡ ♣r♦♣❛❣❡ à ❧❛ ✈✐t❡ss❡ ❧é❣èr❡♠❡♥t ✐♥❢ér✐❡✉r❡ à c✳ ❈❡ ✢❛s❤ ❡st é♠✐s ❞❛♥s
✉♥❡ ③♦♥❡ ❝♦♠♣❛❝t❡✱ ♣r♦❞✉✐s❛♥t ✉♥❡ ♣r❡ss✐♦♥ r❛❞✐❛t✐✈❡ s✉r ❧❡ ♣❧❛s♠❛ ♣ré✲❝❤♦❝ ♣❛r ❡✛❡t
❞❡ r♦q✉❡tt❡ ❈♦♠♣t♦♥ ✭❞✐✛✉s✐♦♥ ❞❡s ♣❤♦t♦♥s ♣❛r ❧❡s é❧❡❝tr♦♥s ❞♦♥♥❛♥t ❧✐❡✉ à ✉♥ é❝❤❛♥❣❡
♥❡t ❞❡ q✉❛♥t✐té ❞❡ ♠♦✉✈❡♠❡♥t✮✳ ❈❡tt❡ ♣♦✉ssé❡ ♣❡✉t êtr❡ ✐♠♣♦rt❛♥t❡ ♠ê♠❡ s✐ ❧❡ ♣❧❛s♠❛
❡st ❣❧♦❜❛❧❡♠❡♥t tr❛♥s♣❛r❡♥t ❛✉ ✢✉① γ✱ s✉rt♦✉t à ❝❛✉s❡ ❞❡ ❧❛ ❞❡♥s✐té ❞✉ r❛②♦♥♥❡♠❡♥t✳
❈♦♥s✐❞ér♦♥s ❧❡s ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r ❞✬✉♥ s✉rs❛✉t ✏st❛♥❞❛r❞✑ ✿
✕ ➱♥❡r❣✐❡ r❛②♦♥♥é❡ ❡♥ ❣❛♠♠❛ ✿ Eγ = 1051❡r❣
✕ ❉✉ré❡ ❛♣♣❛r❡♥t❡ ♣♦✉r ❧✬♦❜s❡r✈❛t❡✉r ✿ ∆tobs ≃ 1s❡❝✳
✕ ❆♥❣❧❡ ❞✬♦✉✈❡rt✉r❡ ❞✉ ❥❡t ✿ θj ≃ 0.1r❛❞
✕ ❋❛❝t❡✉r ❞❡ ▲♦r❡♥t③ ❞✉ ❝❤♦❝ ❡①t❡r♥❡ ✿ γsh = 100
✕ ❉✐st❛♥❝❡ ❞✉ ❝❤♦❝ ✿ rsh ≃ 1016❝♠✳
✕ ❘❛②♦♥ ❞✉ ❞✐sq✉❡ ❢♦r♠é ♣❛r ❧❡ ❢r♦♥t ✿ a = rsh = 1015❝♠
✕ ❉✉ré❡ ré❡❧❧❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ▼■❙ ✿ ∆t = ∆tobs/(1− βsh) ∼ 104s❡❝✳
❖♥ ♦❜t✐❡♥t ❛❧♦rs ✉♥ ✢✉① ❞✬é♥❡r❣✐❡ E/∆t ∼ 1047❡r❣✴s✱ ✢✉① ❞❡ P♦②♥t✐♥❣ S = L/(πa2) ∼
3 · 1016❡r❣✴s✴❝♠2✳ ▲✬✐♥t❡♥s✐té ❞❡ ❧❛ ❢♦r❝❡ r❛❞✐❛t✐✈❡ ❡st Frad = σTS/c ∼ 0.7 · 10−18 ❞②♥❡✱
♦ù σT = 2e2/(3m2ec
4) ❡st ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❞✐✛✉s✐♦♥ ❈♦♠♣t♦♥✳
❈❡tt❡ ❢♦r❝❡ ✭s✉r ❧❡s é❧❡❝tr♦♥s ❡ss❡♥t✐❡❧❧❡♠❡♥t✮ ♣r♦❞✉✐t ✉♥❡ ❞ér✐✈❡ é❧❡❝tr♦♥✐q✉❡ ♣❛r
r❛♣♣♦rt ❛✉① ✐♦♥s ❡t ❞♦✐t êtr❡ ❝♦♠♣❡♥sé❡ ♣❛r ❧❡ ♣❧❛s♠❛✳ ▲❛ tr❛♥s♠✐ss✐♦♥ ❞❡ ❧❛ ❢♦r❝❡ ❛✉①
✐♦♥s s❡ ❢❛✐t ✈✐❛ ❧❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ♦✉ ❜✐❡♥ ✉♥❡ ❢r✐❝t✐♦♥ ❝♦❧❧✐s✐♦♥❡❧❧❡✳
✶✹✺
✶✹✻ ✽✳✷✳ ❚❘❆◆❙P❖❘❚ ➚ ▲❖◆● ❚❊❘▼❊
➱q✉✐❧✐❜r❛❣❡ ❞❡ ❧❛ ❢♦r❝❡✳ ❈♦♥s✐❞ér♦♥s q✉❡ ❧❛ ❢♦r❝❡ r❛❞✐❛t✐✈❡ ❡st éq✉✐❧✐❜ré❡✳ ❆✐♥s✐
❧✬éq✉❛t✐♦♥ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ❝❤❛r❣❡ s✬❡①♣r✐♠❡r❛✐t ❝♦♠♠❡ ∇ · J = 0✳ P❛r s②♠étr✐❡
❧❛ s❡✉❧❡ ❝♦♦r❞♦♥♥é❡ r❡❧❡✈❛♥t❡ ❡st ❧❡ ❧♦♥❣ ❞❡ ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝ x✳ ❖♥ ♦❜t✐❡♥t ❞♦♥❝
J(x = xprecurs) = J(x → ∞) = 0 ♣✉✐sq✉❡ ❧❡ ❝♦✉r❛♥t très ❧♦✐♥ ❞❡✈❛♥t ❧❡ ❝❤♦❝ ✭▼✐❧✐❡✉
■♥t❡rst❡❧❧❛✐r❡✮ ❞♦✐t êtr❡ ♥✉❧✳ ▲✬éq✉✐❧✐❜r❛❣❡ ♣❛ss❡ ❞♦♥❝ ♣❛r ❧✬ét❛❜❧✐ss❡♠❡♥t ❞✬✉♥ ❝❤❛♠♣
é❧❡❝tr✐q✉❡ q✉✐ ♠❡t ❡♥ ♠♦✉✈❡♠❡♥t ❧❡s ✐♦♥s✳ ❈❡❧✉✐✲❝✐ ❝♦♠♣❡♥s❡ ❧❛ ♣♦✉ssé❡ ❣❧♦❜❛❧❡ s✉r ❧❡
✢♦t é❧❡❝tr♦♥✐q✉❡ ♠❛✐s ♥❡ ♣❡✉t ❝♦♠♣❡♥s❡r ❧❛ ❝♦♠♣♦s❛♥t❡ t❤❡r♠✐q✉❡ ❡t s✉♣r❛✲t❤❡r♠✐q✉❡
❞❡s é❧❡❝tr♦♥s à ❧❛ ❢♦✐s✳
❆✜♥ ❞❡ ❝❤✐✛r❡r ❧❡ ♣r♦❝❡ss✉s ✉♥❡ ✐♥✈❡st✐❣❛t✐♦♥ ❞ét❛✐❧❧é❡ ❡st ♣ré✈✉❡ ❛✈❡❝ ❞❡s s✐♠✉❧❛t✐♦♥s
P■❈ ❞é❞✐é❡s✳ ❉✬❛♣rès ❧❡s ♣r❡♠✐èr❡s t❡♥t❛t✐✈❡s ❛✈❡❝ ✉♥ ❝♦❞❡ P■❈ ✶❉ ♣ér✐♦❞✐q✉❡✱ ✉♥ ❝♦✉r❛♥t
s✬ét❛❜❧✐t ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ s✉✐t❡ à ❧❛ ♣♦✉ssé❡ r❛❞✐❛t✐✈❡ ❛✉ ❧✐❡✉ ❞✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡✳ ▲❛
❞✐✣❝✉❧té rés✐❞❡ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❜♦r❞s ♣ér✐♦❞✐q✉❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ✐♥❛❞❛♣tés ❛✉
❝❛❞r❡ ♣❤②s✐q✉❡✳ ❯♥❡ ❛❞❛♣t❛t✐♦♥ ❛❞éq✉❛t❡ ❡t✱ ♣r♦❜❛❜❧❡♠❡♥t✱ ♥é❝❡ss✐t❡ ❞❡ ♣❛ss❡r ❡♥ ✷❉
♣♦✉r ét✉❞✐❡r ❧✬é✈♦❧✉t✐♦♥ ❞✉ ♣❧❛s♠❛✳
✽✳✷ ❚r❛♥s♣♦rt s✉r é❝❤❡❧❧❡s s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡s ❧♦♥❣✉❡s
❉❛♥s ❧❡s ét✉❞❡s ❞❡ tr❛♥s♣♦rt✱ ❡♥tr❡♣r✐s ❞❛♥s ❝❡tt❡ t❤ès❡✱ ✐❧ ❛ été ❛❞♠✐s q✉❡ ❧❛ t✉r✲
❜✉❧❡♥❝❡ ❛ ✉♥❡ ét❡♥❞✉❡ ✐♥✜♥✐❡ ❡t ❡st ❤♦♠♦❣è♥❡✳ ❖r✱ ❧❡s s✐♠✉❧❛t✐♦♥s P■❈ ❬✶✕✸❪ s✉❣❣èr❡♥t
q✉❡ ❧❛ t✉r❜✉❧❡♥❝❡ s❡ ❞é✈❡❧♦♣♣❡ s✉r ✉♥❡ ré❣✐♦♥ ✜♥✐❡ ❛✉t♦✉r ❞✉ ❝❤♦❝ ✿ s♦♥ ✐♥t❡♥s✐té ❡st
♠❛①✐♠❛❧❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❢r♦♥t ❡t ❞é❝r♦✐t s✉✐✈❛♥t ❞❡✉① ❧♦✐s ❡♥ ♣✉✐ss❛♥❝❡ ❞✐✛ér❡♥t❡s ❞✉ ❝ôté
❛♠♦♥t ❡t ❛✈❛❧ ❞✉ ❝❤♦❝✳ ❈♦♠♠❡ ✐❧ ❛ été ♠♦♥tré ❞❛♥s ❬✸❪ ❧✬ét❡♥❞✉❡ ❞❡ ❧❛ ré❣✐♦♥ t✉r❜✉❧❡♥t❡
❡st ❞ét❡r♠✐♥❛♥t❡ ❞❛♥s ❧❡ ♣r♦❝❡ss✉s ❞✬❛❝❝é❧ér❛t✐♦♥ ❡♥ ♣♦s❛♥t ✉♥❡ ❧✐♠✐t❡ s✉r ❧✬é♥❡r❣✐❡ ♠❛①✐✲
♠❛❧❡ q✉❡ ❧❡s ♣❛rt✐❝✉❧❡s ❛tt❡✐❣♥❡♥t ❛✉ ❝❤♦❝ ✭γmax ∝ σ−1/4✮✳ ❆ ♠❛❣♥ét✐s❛t✐♦♥ ❝r♦✐ss❛♥t❡
❧❛ ré❣✐♦♥ t✉r❜✉❧❡♥t❡ ❞❡✈✐❡♥t ❞❡ ♠♦✐♥s ❡♥ ♠♦✐♥s ét❡♥❞✉❡ ❡t ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❞❡✈✐❡♥t
♣❧✉s ❜❛ss❡✳ ❯♥❡ é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❞✐✛ér❡♥t❡ ❡st ❞ér✐✈é❡ à ♣❛rt✐r ❞❡s ❧✐♠✐t❡s ♣r♦♣r❡s ❞✬❡❢✲
✜❝❛❝✐té ❞✉ tr❛♥s♣♦rt ❞❡s ♣❛rt✐❝✉❧❡s ❛ été ♣rés❡♥té❡ ❞❛♥s ❝❡tt❡ t❤ès❡ ✭❈❤❛♣✐tr❡s ✸ ❡t ✹✮ ✿
✭γmax ∝ σ−1/2✮✳ P♦✉r ❧❡s é♥❡r❣✐❡s ♣❧✉s ❣r❛♥❞❡s✱ ❧❡s ♣❛rt✐❝✉❧❡s s♦♥t ❛❞✈❡❝té❡s ♣❛r ❧❡ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ré❣✉❧✐❡r ❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝✳ ❈❡tt❡ ❧✐♠✐t❡ ❡st ♣❧✉s ❤❛✉t❡ q✉❡ ❧❛ ♣ré❝é❞❡♥t❡✳ ◆♦t♦♥s
q✉✬à ♠❛❣♥ét✐s❛t✐♦♥ ♥✉❧❧❡ ❧❛ ré❣✐♦♥ t✉r❜✉❧❡♥t❡ ❡st à ♣r✐♦r✐ très ❣r❛♥❞❡✱ ❛✉❝✉♥❡ s✐♠✉❧❛t✐♦♥
P■❈ à ❝❡ ❥♦✉r ♥✬❛ ✈✉ ❞❡ s❛t✉r❛t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ré❣✐♦♥✱ ❡✳❣✳ ❬✷❪✳ ❉❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s
❧❛ ❧✐♠✐t❛t✐♦♥ ❡♥ é♥❡r❣✐❡ ✈✐❡♥t ❞❡ ❧❛ t❛✐❧❧❡ ❛str♦♣❤②s✐q✉❡ ❞❡ ❧❛ ré❣✐♦♥ ❞✬❛❝❝é❧ér❛t✐♦♥✳
❯♥❡ ét✉❞❡ ❞❡ tr❛♥s♣♦rt✱ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❧❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡ ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ t✉r❜✉✲
❧❡♥❝❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❡t ❞❡ ❧✬ét❡♥❞✉❡ ❞❡ ❧❛ ré❣✐♦♥ t✉r❜✉❧❡♥t❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♠❛❣♥é✲
t✐s❛t✐♦♥ ❞♦✐t ♠❡ttr❡ ❡♥ ❧✉♠✐èr❡ ❧❡ ♣r♦❝❡ss✉s ❞❡ ❧✐♠✐t❛t✐♦♥ ❡♥ é♥❡r❣✐❡ ❞❡s ♣❛rt✐❝✉❧❡s ✿ t❛✐❧❧❡
❞❡ ❧❛ ré❣✐♦♥ t✉r❜✉❧❡♥t❡ ♦✉ ✐♥tr✐♥sèq✉❡ ❛✉ ♣r♦❝❡ss✉s ❞❡ tr❛♥s♣♦rt ❡♥ tr❛✈❡rs ❧❡s ❧✐❣♥❡s ❞✉
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡✳ ❈❡ t②♣❡ ❞✬ét✉❞❡ ❡st ❞✐✣❝✐❧❡♠❡♥t ré❛❧✐s❛❜❧❡ ❛✈❡❝ ❞❡s s✐♠✉❧❛✲
t✐♦♥ P■❈✱ tr♦♣ ❝♦✉t❡✉s❡s✳ ❯♥❡ ❛♣♣r♦❝❤❡ ♣❧✉s ❞✐r❡❝t❡ ♣❡✉t s✬✐♥s♣✐r❡r ❞❡s ❈❤❛♣✐tr❡s ✸ ❡t ✹
❈❍❆P■❚❘❊ ✽✳ P❊❘❙P❊❈❚■❱❊❙ ❊❚ ❈❖◆❈▲❯❙■❖◆❙ ✶✹✼
❞❡ ❝❡tt❡ t❤ès❡ ❡♥ ❡✛❡❝t✉❛♥t ❞❡s s✐♠✉❧❛t✐♦♥s ▼♦♥t❡✲❈❛r❧♦✳ ❈❡tt❡ ❢♦✐s ❧❛ t✉r❜✉❧❡♥❝❡ ♥❡ s❡r❛
♣❛s ❤♦♠♦❣è♥❡ ❡t ✐❧ ❢❛✉❞r❛ ♣r❡s❝r✐r❡ ✉♥ ♣r♦✜❧ ❞é❝r♦✐ss❛♥t ❞❡ ❝❤❛q✉❡ ❝ôté ❞✉ ❝❤♦❝ ♣♦✉r s❛
❞❡♥s✐té ❞✬é♥❡r❣✐❡✳
✽✳✸ ❈❤♦❝s ♠♦❞éré♠❡♥t r❡❧❛t✐✈✐st❡s
▲❡s ❝❤♦❝s ♠♦❞éré♠❡♥t r❡❧❛t✐✈✐st❡s 1 ≤ γsh < 5 − 10 s♦♥t ❝♦✉r❛♥ts ❞❛♥s ❧❡s ❏❡ts ❞❡s
◆❆●s✱ ♠✐❝r♦✲q✉❛s❛rs✱ ❧❡s ❥❡ts ✐♥t❡r♥❡s ❞❡s ❙● ❡t ♣r♦❜❛❜❧❡♠❡♥t ❞❛♥s ❧❡s ♣❤❛s❡s ✐♥✐t✐❛❧❡s
❞❡s ❙✉♣❡r♥♦✈❛❡ ❙◆ tr❛♥s✲r❡❧❛t✐✈✐st❡s✳ ❆ ♣❛rt q✉❡❧q✉❡s ét✉❞❡s ♥✉♠ér✐q✉❡s✱ ❧❡✉r str✉❝t✉r❡
❡st ❡♥❝♦r❡ très ♣❡✉ ét✉❞✐é❡ ❡t ♠❛❧ ❝♦♠♣r✐s❡✳ ▲❡s s✐♠✉❧❛t✐♦♥s P■❈ ❞❡ ❉✐❡❝❦♠❛♥♥ ❡t ❛❧✳
❬✹❪ ♠♦♥tr❡♥t q✉✬✉♥❡ str✉❝t✉r❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❞❡ ❢♦rt❡ ❛♠♣❧✐t✉❞❡✱ ♣r♦❜❛❜❧❡♠❡♥t ♦♥❞❡s
✇❤✐st❧❡r✱ s❡ ❢♦r♠❡ ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝ q✉❛s✐✲♣❛r❛❧❧è❧❡ ❡t ❢♦rt❡♠❡♥t ♠❛❣♥ét✐sé ❡t
❝♦♥tr✐❜✉❡ à ❝❤❛✉✛❡r ❧❡s é❧❡❝tr♦♥s à ❧✬éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ✐♦♥s ❡t ❛❝❝é❧ér❡r ❧❡s é❧❡❝tr♦♥s
s✉✐✈❛♥t ✉♥❡ ❧♦✐ ❡♥ ♣✉✐ss❛♥❝❡ N(E) ∝ E−2.7✳ ❚♦✉t❡❢♦✐s ♦♥ ♥❡ s❛✐t ♣❛s q✉❡❧❧❡ ❡st ❧❛ str✉❝t✉r❡
❞✉ ❝❤♦❝ s✐ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ✈❛r✐❡ ❡t ❧✬♦❜❧✐q✉✐té ❞✉ ❝❤♦❝ ❛✉❣♠❡♥t❡✳ ▲✬❛♣♣r♦❝❤❡ ❛♥❛❧②t✐q✉❡✱
♣♦✉r s❛ ♣❛rt✱ ❡st ❞✐✣❝✐❧❡ ❞❛♥s ❝❡ ré❣✐♠❡ ♣✉✐sq✉❡ ❛✉❝✉♥❡ ❧✐♠✐t❡ ❡♥ ✈✐t❡ss❡ ❞✉ ❝❤♦❝ ♥❡ ♣❡✉t
êtr❡ ❛❞♦♣té❡ ✿ ♥✐ vsh ≪ c✱ ♥✐ γsh ≫ 1✳ ▲✬❛❧❣è❜r❡ ❡st ❝♦♠♣❧✐q✉é❡ ❡t ❧✬❛♣♣♦rt ❞❡s s✐♠✉❧❛✲
t✐♦♥s ♥✉♠ér✐q✉❡s s❡r❛ ❧❡ ❜✐❡♥✈❡♥✉ ♣♦✉r ✐♥❞✐q✉❡r ❧❡s ré❣✐♠❡s ✐♠♣♦rt❛♥ts ❡t ❧❛ ❞é♠❛r❝❤❡
❛♥❛❧②t✐q✉❡ à s✉✐✈r❡✳
Prés❡♥t♦♥s q✉❡❧q✉❡s ❛r❣✉♠❡♥ts q✉❛❧✐t❛t✐❢s✳ ▲❡ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝ s❡r❛ ♣❧✉s ❧♦♥❣ q✉❡
❞❛♥s ❧❡ ❝❛s ✉❧tr❛✲r❡❧❛t✐✈✐st❡ ❡t ❧❡s ✐♥st❛❜✐❧✐tés ❝✐♥ét✐q✉❡s ♣♦✉rr❛✐❡♥t êtr❡ r❡❧❛②és ♣❛r ❧❡s
✐♥st❛❜✐❧✐tés à ❧✬é❝❤❡❧❧❡ ▼❍❉ ✭✐♥st❛❜✐❧✐té ❞❡ ❇❡❧❧ ❡st ♣r♦❜❛❜❧❡♠❡♥t très ❢♦rt❡ s✐ ❧❡ ❝❤♦❝
❡st q✉❛s✐✲♣❛r❛❧❧è❧❡ ❡t ❝♦♥tr✐❜✉❡r❛✐t à ♠♦❞✐✜❡r s❛ str✉❝t✉r❡✮✳ ❊♥ t❡r♠❡s ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡s
♣❛rt✐❝✉❧❡s ✿ ❞✬✉♥❡ ♣❛rt✱ ❧❡s ❧✐♠✐t❛t✐♦♥s ✉❧tr❛✲r❡❧❛t✐✈✐st❡s s✉r ❧❡ tr❛♥s♣♦rt ❞❡ ♣❛rt✐❝✉❧❡s
❡t ❧❡✉r ❢♦❝❛❧✐s❛t✐♦♥ ❞❛♥s ✉♥ ❝ô♥❡ ❞❡ ♣❡rt❡s très étr♦✐t ❡♥ ❛♠♦♥t ❞✉ ❝❤♦❝ ❡st r❡❧❛①é❡✳
▲❛ ❞✐✛✉s✐♦♥ ❛♥❣✉❧❛✐r❡ ❞❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ✉♥❡ t✉r❜✉❧❡♥❝❡ ▼❍❉ s❡r❛ ❛✉ss✐ ♣❧✉s ❡✣❝❛❝❡
q✉❡ ❞❛♥s ✉♥❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ✐♥❤ér❡♥t❡ ❛✉① ❝❤♦❝ ✉❧tr❛✲r❡❧❛t✐✈✐st❡s✳ ❉✬❛✉tr❡ ♣❛rt✱ s✐
♦♥ ❡①tr❛♣♦❧❡ à ♣❛rt✐r ❞❡s ❝❤♦❝s ♥♦♥✲r❡❧❛t✐✈✐st❡s✱ ♦♥ s❛✐t q✉❡ ❧✬❡✣❝❛❝✐té ❞✬❛❝❝é❧ér❛t✐♦♥
❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❛ ✈✐t❡ss❡ ❞✉ ❝❤♦❝✱ ✐✳❡✳ MA ≫ 1✳ ❈❡s ❞❡✉① ♣♦✐♥ts ✐♥❞✐q✉❡♥t q✉❡ ❧❡s ❝❤♦❝s
tr❛♥s✲r❡❧❛t✐✈✐st❡s s♦♥t ❞❡s ✈✐❣♦✉r❡✉① ❛❝❝é❧ér❛t❡✉rs ❞❡ ♣❛rt✐❝✉❧❡s✱ s♦✉s ❧❛ rés❡r✈❡ q✉❡ ❧❡
t❡♠♣s ❞✬❛❝❝é❧ér❛t✐♦♥ ♥❡ s♦✐t ♣❛s tr♦♣ ❧♦♥❣ ✭✐✳❡✳ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❛♠♣❧✐✜é ♦✉ ❣é♥éré ❛✉
♥✐✈❡❛✉ δB ≫ B0✮✳ ▲❡ t❡♠♣s ❞✬❛❝❝é❧ér❛t✐♦♥ r❡st❡ à ❝❤✐✛r❡r✳
❉❛♥s ❝❡tt❡ t❤ès❡✱ q✉❡❧q✉❡s é❧é♠❡♥ts ❞❡ ré♣♦♥s❡ ♦♥t été ❛♣♣♦rtés ❝♦♥❝❡r♥❛♥t ❧❡ ré❣✐♠❡
♠♦②❡♥♥❡♠❡♥t r❡❧❛t✐✈✐st❡ ❞❡s ❝❤♦❝s ♣❡r♣❡♥❞✐❝✉❧❛✐r❡s ✭θB✮ ❡t à ♠❛❣♥ét✐s❛t✐♦♥ ❛ss❡③ ❢♦rt❡
✭σ ≥ 10−3✮ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✻✳ ❚♦✉t❡❢♦✐s✱ ✉♥❡ ✐♥✈❡st✐❣❛t✐♦♥ ♠✉❧t✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❡t ❛✈❡❝
θB < 90
◦ s❡♠❜❧❡ ✐♠♣♦rt❛♥t❡ ♣♦✉r ❝❤✐✛r❡r ❧✬❡✣❝❛❝✐té à ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s✱ s✐ ❧❡
♣r♦❝❡ss✉s ❞❡ ❋❡r♠✐ ❡st ♦♣ér❛♥t✳
❈♦♥❝❧✉♦♥s ♣❛r ❧❛ r❡♠❛rq✉❡ q✉❡ ❧❛ ♣❤②s✐q✉❡ ❞❡s ❝❤♦❝s s❡r❛ ♣r♦❜❛❜❧❡♠❡♥t ♣❧❡✐♥❡ ❞❡
✶✹✽ ✽✳✹✳ ❈❖◆❈▲❯❙■❖◆
s✉r♣r✐s❡s✱ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❢♦rts ❡✛❡ts ♥♦♥✲r❡❧❛t✐✈✐st❡s✱ ❡①tr❛♣♦❧és à vsh → c✱ ❡t ❧❛ ♣r✐s❡
❡♥ ❝♦♠♣t❡ ❞❡s ❡✛❡ts r❡❧❛t✐✈✐st❡s✱ é♠❡r❣❡♥ts✳
✽✳✹ ❈♦♥❝❧✉s✐♦♥
▲❡s ❞❡r♥✐èr❡s ❛♥♥é❡s ♦♥t ❛♣♣♦rté ❞❡s é❧é♠❡♥ts ❞❡ ré♣♦♥s❡ à ❞❡s q✉❡st✐♦♥s ✐♠♣♦r✲
t❛♥t❡s ❝♦♥❝❡r♥❛♥t ❧❛ ♣❤②s✐q✉❡ ❞❡s ❝❤♦❝s r❡❧❛t✐✈✐st❡s ❡t s❡s ❝♦♥séq✉❡♥❝❡s ❡♥ ❛str♦♣❤②s✐q✉❡
❞❡s ❍❛✉t❡s ➱♥❡r❣✐❡s✳ ▲❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❛✉t♦✲❝♦♥s✐st❛♥t ❞✉ ♠é❝❛♥✐s♠❡ ❞❡ ❋❡r♠✐ ❞❛♥s
❧❡s ❝❤♦❝s ♥♦♥✲♠❛❣♥ét✐sés ❡t s❡s ♣❡r❢♦r♠❛♥❝❡s à ♠❛❣♥ét✐s❛t✐♦♥ ♥♦♥✲♥✉❧❧❡ ♦♥t ♣❡r♠✐s ❞❡
r❡❧✐❡r ❧❛ ♣❤②s✐q✉❡ ♠✐❝r♦s❝♦♣✐q✉❡ ❞❡s ❝❤♦❝s ❛✉① ♦❜s❡r✈❛❜❧❡s ❛str♦♣❤②s✐q✉❡s✳ ❉❡s ❛✈❛♥✲
❝é❡s ✐♠♣♦rt❛♥t❡s ❞❛♥s ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ❝❤♦❝ ♠❡tt❡♥t ❧✬❛❝❝❡♥t s✉r ❧❡
rô❧❡ ❞ét❡r♠✐♥❛♥t ❞❡s ✐♥st❛❜✐❧✐tés ♣❧❛s♠❛ ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ❞✉ ❝❤♦❝ ✭♦✉ ❞❛♥s ❧❡ ♣✐❡❞✱ s✐
σ 6= 0✮✳ ❊❧❧❡s ❣♦✉✈❡r♥❡♥t ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❢r♦♥t✱ ❧❛ ❣é♥ér❛t✐♦♥ ❞❡ ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ❡t
❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❞❛♥s ✉♥ ♣r♦❝❡ss✉s ♥♦♥✲❧✐♥é❛✐r❡✳
❈❡tt❡ t❤ès❡ ❛ ❝♦♥tr✐❜✉é à ❛♣♣♦rt❡r ✉♥❡ ♣❛rt✐❡ ❞❡ ❝❡s ré♣♦♥s❡s✱ ♥♦t❛♠♠❡♥t s✉r ❧❡s
♣♦✐♥ts s✉✐✈❛♥ts ✿
• ▲✬❡✣❝❛❝✐té ❞❡ ❧❛ ❣é♥ér❛t✐♦♥ ❞❡ ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡✱ ♣r♦❞✉✐t❡ ♣❛r ❧❛
♣é♥étr❛t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉ ❞❡ ♣r♦t♦♥s é♥❡r❣ét✐q✉❡s γ ≃ γ2shmpc2 ❞❛♥s ❧❡ ♣❧❛s♠❛ ❛♠♦♥t
❛ été ❝♦♥✜r♠é❡✳ ▲❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ✐♥st❛❜✐❧✐tés ❝♦♥❞✉✐t ♥❛t✉r❡❧❧❡♠❡♥t ❛✉ ♥✐✈❡❛✉ ❞✉
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ t✉r❜✉❧❡♥t ♠❛①✐♠❛❧✱ ❞♦♥t ❧✬é♥❡r❣✐❡ ❡st ❝♦♠♣❛r❛❜❧❡ à ❧✬é♥❡r❣✐❡
❝✐♥ét✐q✉❡ ❞✉ ✢♦t ξB ∼ 1✳ ▲❛ ❜❛rr✐èr❡ ♠❛❣♥ét✐q✉❡ ❝♦rr❡s♣♦♥❞❛♥t❡ ❡st ✐♥❞✐s♣❡♥s❛❜❧❡
♣♦✉r ❛ss✉r❡r ❧✬✐s♦tr♦♣✐s❛t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❝❤♦q✉é ❡t
❧✬❡①✐st❡♥❝❡ ❞✉ ❝❤♦❝✳
• ▲❡ tr❛♥s♣♦rt ❞❡ ♣❛rt✐❝✉❧❡s ❝❤❛r❣é❡s ❞❛♥s ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❛
été ét✉❞✐é ❡t ♥♦✉s ❛✈♦♥s s♦✉❧✐❣♥é ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ tr✐✲❞✐♠❡♥s✐♦♥♥❛❧✐s❛t✐♦♥ ❞❡ ❝❡tt❡
❞❡r♥✐èr❡ ♣♦✉r q✉❡ ❧❡s ♣❛rt✐❝✉❧❡s ❞✐✛✉s❡♥t ❧❡ ❧♦♥❣ ❞❡ ❧❛ ♥♦r♠❛❧❡ ❛✉ ❝❤♦❝✳ ❊♥ ❛♠♦♥t
❞✉ ❝❤♦❝✱ ❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ s♦♥t ♣r♦♣♦rt✐♦♥♥❡❧s à ǫ2✳ ❊♥ ❞✐r❡❝t✐♦♥ ♥♦r♠❛❧❡
❛✉ ❝❤♦❝ ❧❡s ♣❛rt✐❝✉❧❡s ❞✐✛✉s❡♥t ❜❡❛✉❝♦✉♣ ♣❧✉s ❧❡♥t❡♠❡♥t q✉✬❡♥ ❞✐r❡❝t✐♦♥ tr❛♥s✈❡rs❡
✭Dℓ ≫ Dt✮✳ ❊♥ ❛✈❛❧ ❞✉ ❝❤♦❝✱ ❧❛ t✉r❜✉❧❡♥❝❡ ❡st st❛t✐q✉❡✱ ♠❛❣♥ét✐q✉❡ ❡st s❛ ❧♦♥❣✉❡✉r
❞❡ ❝♦❤ér❡♥❝❡ ❡st ❝♦✉rt❡ ℓc ∼ 10δi✳ ▲♦rsq✉❡ ❧❡s r✐❣✐❞✐tés ♥❡ s♦♥t ♣❛s tr♦♣ é❧❡✈é❡s✱ ❧❡s
♣❛rt✐❝✉❧❡s ❞✐✛✉s❡♥t ❡✣❝❛❝❡♠❡♥t ❡♥ tr❛✈❡rs ❧❡s ❧✐❣♥❡s ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①t❡r♥❡
❛✈❡❝ D⊥ ∼ D‖ ∝ ǫ2✳ ▼❛✐s ❛✉① r✐❣✐❞✐tés ❣r❛♥❞❡s✱ ρ = r¯L/ℓc ≫ δB/B0✱ ❧❡ ❝♦❡✣❝✐❡♥t
♣❡r♣❡♥❞✐❝✉❧❛✐r❡ s❛t✉r❡ ❡t ❧❡s ♣❛rt✐❝✉❧❡s s♦♥t ❛❞✈❡❝té❡s ❛✈❡❝ ❧❡ ✢✉✐❞❡ ❛✈❛❧✱ ❧✐♠✐t❛♥t
❛✐♥s✐ ❧✬é♥❡r❣✐❡ ❞❡s ♣❛rt✐❝✉❧❡s à ǫmax ∼ e δB2B0 ℓc ❡❱✳
• ▲❡ ❝❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s ❥✉sq✉✬à ❧❛ s✉❜✲éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ♣r♦t♦♥s ❛✉① ❝❤♦❝s
r❡❧❛t✐✈✐st❡s ❛ été ét❛❜❧✐✳ ▲✬ét✉❞❡ ❞✉ tr❛♥s♣♦rt ❞❡s ♣❛rt✐❝✉❧❡s ❡♥ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡
❞✉ ♣ré❝✉rs❡✉r à ♠✐s ❡♥ é✈✐❞❡♥❝❡ ✉♥ ❢♦rt ❝❤❛✉✛❛❣❡ ❞❡s é❧❡❝tr♦♥s✳ ❈❡ ❝❤❛✉✛❛❣❡ s❡
❢❛✐t ❡♥ ❞❡✉① ét❛♣❡s ✿ ❡①❝✐t❛t✐♦♥ ❞❡ ❧❛ ❢♦rt❡ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ ♣❛r ❧❡ ❢❛✐s❝❡❛✉ ❞❡s ♣r♦✲
❈❍❆P■❚❘❊ ✽✳ P❊❘❙P❊❈❚■❱❊❙ ❊❚ ❈❖◆❈▲❯❙■❖◆❙ ✶✹✾
t♦♥s ré✢é❝❤✐s ✭✐♥st❛❜✐❧✐té ❞❡ ❲❡✐❜❡❧ ❡t ❖❚❙■✮✱ ❡♥s✉✐t❡ ❧❡s é❧❡❝tr♦♥s s♦♥t r❛♣✐❞❡♠❡♥t
❝❤❛✉✛és ♣❛r é❝❤❛♥❣❡ ❞✬é♥❡r❣✐❡ ❛✈❡❝ ❧❡ ❝❤❛♠♣ t✉r❜✉❧❡♥t✳ ❉❛♥s ❝❡ s❝é♥❛r✐♦✱ ❧❡s é❧❡❝✲
tr♦♥s s♦♥t ❝❤❛✉✛és ❧♦❝❛❧❡♠❡♥t à ❧❛ t❡♠♣ér❛t✉r❡✱ ✜①é❡ ♣❛r ❧❡ ♥✐✈❡❛✉ ❞❡ t✉r❜✉❧❡♥❝❡
❧♦❝❛❧ ❞❛♥s ❧❡ ♣ré❝✉rs❡✉r ξe ∝ ξB✱ ❡t ❛rr✐✈❡♥t ❡♥ s✉❜✲éq✉✐♣❛rt✐t✐♦♥ ❛✈❡❝ ❧❡s ♣r♦t♦♥s
❛✉ ♥✐✈❡❛✉ ❞✉ ❢r♦♥t ❞❡ ❝❤♦❝✳
• ▲✬ét✉❞❡ ❛ ♣❡r♠✐s ❞❡ ❝❤✐✛r❡r ❧✬❡✣❝❛❝✐té ❞❡ ❧✬❛❝❝é❧ér❛t✐♦♥✳ ▲❡s ♣r♦t♦♥s ♣❡✉✈❡♥t ❛t✲
t❡✐♥❞r❡ ❧✬é♥❡r❣✐❡ ❞❡ q✉❡❧q✉❡s 1015❡❱✱ ❝❡ q✉✐ ❛♠è♥❡ à ❧❛ ❝♦♥❝❧✉s✐♦♥ q✉❡ ❧❡s ❝❤♦❝s
✉❧tr❛✲r❡❧❛t✐✈✐st❡s ♥❡ s♦♥t ♣❛s ❞❡s ❛❝❝é❧ér❛t❡✉rs ❡✣❝❛❝❡s ❥✉sq✉✬❛✉① ❯❧tr❛✲❍❛✉t❡s
➱♥❡r❣✐❡s ✭∼ 1020❡❱✮✳ ▲✬é♥❡r❣✐❡ ❞❡s é❧❡❝tr♦♥s ❡st ❧✐♠✐té❡ ♣❛r ♣❡rt❡s r❛❞✐❛t✐✈❡s ❡t ♣❡✉t
❛tt❡✐♥❞r❡ ∼ 1012❡❱✳ ◆♦tr❡ t❤é♦r✐❡ ❞❡s ❝❤♦❝s ♣❡r♠❡t ❞❡ r❡♥❞r❡ ❝♦♠♣t❡ ❞✉ r❛②♦♥✲
♥❡♠❡♥t s②♥❝❤r♦tr♦♥ s✉r ❧❡ ❝❤❛♠♣ t✉r❜✉❧❡♥t ❞❡s é❧❡❝tr♦♥s✱ ❞♦♥t ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡
❛tt❡✐♥t ∼●❡❱✱ ❝♦rr♦❜♦r❛♥t ❧✬✐❞é❡ q✉❡ ❧❡s ♣❤♦t♦♥s ❛✉① ●❡❱ ❞❡s ❙●✱ ♦❜s❡r✈é❡s ♣❛r
❋❡r♠✐✲▲❆❚✱ ♣❡✉✈❡♥t êtr❡ ♣r♦❞✉✐ts ♣❛r ❧❡ ❝❤♦❝ ❡①t❡r♥❡✳ ❈❡ r❛②♦♥♥❡♠❡♥t ❝♦♥st✐t✉❡
❛✉❥♦✉r❞✬❤✉✐ ❧✬✉♥✐q✉❡ ❞✐❛❣♥♦st✐❝ ❞❡ ❧❛ ♠✐❝r♦✲t✉r❜✉❧❡♥❝❡ à ❧✬❛✐❞❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s✳
❉❡s é❧é♠❡♥ts ré❝❡♥ts ✐♥❞✐q✉❡♥t ❡♥ ♣❧✉s q✉✬✉♥ ♣r♦❝❡ss✉s ❙②♥❝❤r♦✲❈♦♠♣t♦♥ s❡ ❞é✈❡✲
❧♦♣♣❡ ♣♦✉r ❧❡s é♥❡r❣✐❡s ❞❡ ♣❤♦t♦♥s s✉♣ér✐❡✉r❡s ❛✉ ●❡❱ ❡t s❛ ❝♦♥tr✐❜✉t✐♦♥ ❡st ✈✐s✐❜❧❡
❞❛♥s ❧❡s ❙● ❧❡s ♣❧✉s ❜r✐❧❧❛♥ts✳
❉❛♥s ❧❛ ❞❡✉①✐è♠❡ ♣❛rt✐❡ ❞❡ ❧❛ t❤ès❡✱ ❥✬❛✐ ❛❜♦r❞é ❧✬ét✉❞❡ ❞❡s ❝❤♦❝s ♣❡r♣❡♥❞✐❝✉❧❛✐r❡s
✭θB = 90◦✮ à ❧✬❛✐❞❡ ❞❡s s✐♠✉❧❛t✐♦♥s P■❈ ✶❉✳ ❆❧❧❛♥t ❞✉ ré❣✐♠❡ ♥♦♥✲r❡❧❛t✐✈✐st❡ ❛✉ ♠♦②❡♥✲
♥❡♠❡♥t r❡❧❛t✐✈✐st❡✱ ✐❧ ❛ été ♦❜s❡r✈é q✉❡ ❧❡ ♣r♦❝❡ss✉s ❞❡ r❡❢♦r♠❛t✐♦♥ ❞✉ ❝❤♦❝✱ ❜✐❡♥ ❝♦♥♥✉
❞❛♥s ❧❡ ❝❛s ♥♦♥✲r❡❧❛t✐✈✐st❡✱ s✉❜s✐st❡ ❞❛♥s ❧❡ ré❣✐♠❡ γsh−1 ≃ 1✳ ▲✬✐♥st❛❜✐❧✐té ❞❡ ❇✉♥❡♠❛♥✱
❧♦♥❣✐t✉❞✐♥❛❧❡✱ ♣❡r♠❡t ✉♥ ❢♦rt ❝❤❛✉✛❛❣❡ ❞✬é❧❡❝tr♦♥s ❞❛♥s ❧❡ ♣✐❡❞ ❞✉ ❝❤♦❝ ❧♦rsq✉❡ ❧❛ ♠❛✲
❣♥ét✐s❛t✐♦♥ ♥✬❡st ♣❛s très ❣r❛♥❞❡ σ < 0.01✳ ▲❛ t❡♠♣ér❛t✉r❡ ❞❡s é❧❡❝tr♦♥s r❡st❛♥t t♦✉t❡❢♦✐s
❛ss❡③ ♠♦❞éré❡ Te/Ti ≪ 1 ❡♥ ❛✈❛❧ ❞✉ ❝❤♦❝✳ ▲♦rsq✉❡ ❧❛ ♠❛❣♥ét✐s❛t✐♦♥ ❡st ❢♦rt❡✱ ❧❡ ❝❤♦❝
❡st str✉❝t✉ré ♣❛r ✉♥❡ ❜♦✉❝❧❡ ✐♦♥✐q✉❡ ❝♦❤ér❡♥t❡ ❛✉ ❢r♦♥t ❞❡ ❝❤♦❝ ❡t é♠✐ss✐♦♥ ❞✬✉♥ ❢♦rt
♣ré❝✉rs❡✉r é❧❡❝tr♦♠❛❣♥ét✐q✉❡✳ ❆✐♥s✐✱ ❧❡s é❧❡❝tr♦♥s s♦♥t ❝❤❛✉✛é❡s à ❧❛ s✉❜✲éq✉✐♣❛rt✐t✐♦♥
❛✈❡❝ ❧❡s ✐♦♥s Te ≤ Ti✳ ▲❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❝❡s ❞❡✉① str✉❝t✉r❡s ❞❡ ❝❤♦❝s ❡st ♦❜s❡r✈é❡ ❛✉t♦✉r
❞❡ σc ≃ 0.01✳ ❚♦✉t❡❢♦✐s✱ ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡s ❡✛❡ts tr❛♥s✈❡rs❡s ✭✐♥st❛❜✐❧✐tés ❞❛♥s ❧❡ ♣ré✲
❝✉rs❡✉r✮✱ ♥♦♥ ✈✐s✐❜❧❡s ❞❛♥s ❝❡s s✐♠✉❧❛t✐♦♥s✱ ❡t ❡♥ ♣rés❡♥❝❡ ❞✬✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s
s✉♣r❛✲t❤❡r♠✐q✉❡s✱ ❧❛ ♣ré❞✐❝t✐♦♥ ❛♥❛❧②t✐q✉❡ ✐♥❞✐q✉❡ q✉❡ ❧❡ ❝❤♦❝ ❝❤❛♥❣❡ ❞❡ str✉❝t✉r❡ ❛✉t♦✉r
❞❡ σ ∼ ξ2cr/γ2sh✳ ❏❡ ♥✬❛✐ ♣❛s ♦❜s❡r✈é ❞❡ ♣❛rt✐❡s s✉♣r❛✲t❤❡r♠✐q✉❡ ❞é✈❡❧♦♣♣é❡s ❞❛♥s ❧❡s ❢♦♥❝✲
t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❡t ❧✬ét✉❞❡ ❞✬❛❝❝é❧ér❛t✐♦♥ ❝♦♥s✐st❛♥t❡ ♥é❝❡ss✐t❡r❛✐t ❞❡s s✐♠✉❧❛t✐♦♥s
♠✉❧t✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡s✱ ❡♥ ♣ré♣❛r❛t✐♦♥✳
▲✬ét✉❞❡✱ ❛♥❛❧②t✐q✉❡ ❡t ♥✉♠ér✐q✉❡✱ ❞❡s ❝❤♦❝s ♠♦❞éré♠❡♥t r❡❧❛t✐✈✐st❡s ✭γsh−1 ≃ 1✮ ❡st
❞✬❛✉t❛♥t ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡ ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡s ❯❍❊❈❘s ❞❡♠❡✉r❡ ♦✉✈❡rt❡✳
❉❡ t❡❧s ❝❤♦❝s s♦♥t ❝♦✉r❛♥ts ❞❛♥s ❧❡s ❥❡ts ❞❡s ◆❆●s✱ ♠✐❝r♦✲q✉❛s❛rs ❡t ❧❡s ❥❡ts ✐♥t❡r♥❡s ❞❡s
❙●✳ ▲❡s s♦✉♣ç♦♥s s❡ r❡ss❡rr❡♥t ❛✉t♦✉r ❞❡s ❝❤♦❝s ♠♦❞éré♠❡♥t r❡❧❛t✐✈✐st❡s✱ ❞♦♥t ❧❛ ♣❤②s✐q✉❡
✶✺✵ ❇■❇▲■❖●❘❆P❍■❊
❡st ❧❛r❣❡♠❡♥t ♠❛❧✲❝♦♠♣r✐s❡ ❡t r❡st❡ à ❢❛✐r❡✳ ▲❡s s✐♠✉❧❛t✐♦♥s ❡✛❡❝t✉é❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡
✻ ✐♥❞✐q✉❡♥t q✉❡ ❧✬❛❝❝é❧ér❛t✐♦♥ ♥✬❡st ♣❛s très ❡✣❝❛❝❡ ♣♦✉r ❧❡s ❝❤♦❝s ♣❡r♣❡♥❞✐❝✉❧❛✐r❡s à
♠❛❣♥ét✐s❛t✐♦♥ ❛ss❡③ ❢♦rt❡ σ > 10−3✳ ❯♥❡ ét✉❞❡ ♠✉❧t✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❛✉① ♦❜❧✐q✉✐tés < 90◦
❡t ❛✉① ♠❛❣♥ét✐s❛t✐♦♥ ♣❧✉s ❜❛ss❡s ❞❡✈r❛✐t ♣❡r♠❡ttr❡ ❞❡ ❝❤✐✛r❡r ❧✬❡✣❝❛❝✐té à ❧✬❛❝❝é❧ér❛t✐♦♥
✭ξcr✮ ❡t ❧✬é♥❡r❣✐❡ ♠❛①✐♠❛❧❡ ❞❡s ♣❛rt✐❝✉❧❡s✳
❇✐❜❧✐♦❣r❛♣❤✐❡
❬✶❪ P✳ ❈❤❛♥❣✱ ❆✳ ❙♣✐t❦♦✈s❦②✱ ❛♥❞ ❏✳ ❆r♦♥s✳ ▲♦♥❣✲❚❡r♠ ❊✈♦❧✉t✐♦♥ ♦❢ ▼❛❣♥❡t✐❝ ❚✉r❜✉❧❡♥❝❡
✐♥ ❘❡❧❛t✐✈✐st✐❝ ❈♦❧❧✐s✐♦♥❧❡ss ❙❤♦❝❦s ✿ ❊❧❡❝tr♦♥✲P♦s✐tr♦♥ P❧❛s♠❛s✳ ❆♣❏✱ ✻✼✹ ✿✸✼✽✱ ✷✵✵✽✳
❬✷❪ ❯✳ ❑❡s❤❡t✱ ❇✳ ❑❛t③✱ ❆✳ ❙♣✐t❦♦✈s❦②✱ ❛♥❞ ❊✳ ❲❛①♠❛♥✳ ▼❛❣♥❡t✐❝ ❋✐❡❧❞ ❊✈♦❧✉t✐♦♥ ✐♥
❘❡❧❛t✐✈✐st✐❝ ❯♥♠❛❣♥❡t✐③❡❞ ❈♦❧❧✐s✐♦♥❧❡ss ❙❤♦❝❦s✳ ❆♣❏▲✱ ✻✾✸ ✿▲✶✷✼✱ ✷✵✵✾✳
❬✸❪ ▲✳ ❙✐r♦♥✐✱ ❆✳ ❙♣✐t❦♦✈s❦②✱ ❛♥❞ ❆r♦♥s ❏✳ ❚❤❡ ▼❛①✐♠✉♠ ❊♥❡r❣② ♦❢ ❆❝❝❡❧❡r❛t❡❞ P❛rt✐❝❧❡s
✐♥ ❘❡❧❛t✐✈✐st✐❝ ❈♦❧❧✐s✐♦♥❧❡ss ❙❤♦❝❦s✳ ❆♣❏✱ ✼✼✶ ✿✺✹✱ ✷✵✶✸✳
❬✹❪ ▼✳ ❊✳ ❉✐❡❝❦♠❛♥♥✱ P✳ ❑✳ ❙❤✉❦❧❛✱ ❛♥❞ ▲✳ ❖✳ ❈✳ ❉r✉r②✳ ❚❤❡ ❋♦r♠❛t✐♦♥ ♦❢ ❛ ❘❡❧❛t✐✈✐st✐❝
P❛rt✐❛❧❧② ❊❧❡❝tr♦♠❛❣♥❡t✐❝ P❧❛♥❛r P❧❛s♠❛ ❙❤♦❝❦✳ ❆♣❏✱ ✻✼✺ ✿✺✽✻✕✺✾✺✱ ✷✵✵✽✳
❆♥♥❡①❡ ❆
❙♦❧✉t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡
♠♦✉✈❡♠❡♥t ♣❛r ❧❡ ❣r♦✉♣❡ ❞❡s
r♦t❛t✐♦♥s ❛❧é❛t♦✐r❡s
❉❛♥s ❝❡t ❛♣♣❡♥❞✐❝❡ ❧❛ ❞é♠♦♥str❛t✐♦♥ ❝♦♠♣❧èt❡ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ✭❊q✳ ✸✳✶✻✮
❡♥ t✉r❜✉❧❡♥❝❡ ♠❛❣♥ét✐q✉❡ ✐s♦tr♦♣❡ ❡st ❞♦♥♥é❡✳ ❈❡rt❛✐♥s ❞ét❛✐❧s q✉✐ ♣♦✉rr❛✐❡♥t ♠❛♥q✉❡r
♣❡✉✈❡♥t êtr❡ tr♦✉✈és ❞❛♥s P❧♦t♥✐❦♦✈ ❡t ❛❧✳ ✷✵✶✶✳
❘éé❝r✐✈♦♥s ❧✬éq✉❛t✐♦♥ ❞❡ ♠♦✉✈❡♠❡♥t❬✸✳✷❪ ❞❡ ❧❛ ♠❛♥✐èr❡ s✉✐✈❛♥t❡ ✿
d
dt
v =
[
Ωˆ0 + δΩˆ(t)
]
· v . ✭❆✳✶✮
❖ù Ωˆ0 ❡t δΩˆ(t) s♦♥t ❞❡s ♦♣ér❛t❡✉rs ❞❡ r♦t❛t✐♦♥ ❞é✈❡❧♦♣♣és ❝♦♠♠❡ ❝♦♠❜✐♥❛✐s♦♥ ❧✐♥é❛✐r❡
❞❡s ❣é♥ér❛t❡✉rs ❞❡ ❧✬❛❧❣è❜r❡ ❞❡ ▲✐❡✱ Lˆ1✱ Lˆ2✱ Lˆ3
Lˆ1 :=

0 0 00 0 −1
0 1 0

 , Lˆ2 :=

 0 0 10 0 0
−1 0 0

 , Lˆ3 :=

0 −1 01 0 0
0 0 0

 . ✭❆✳✷✮
❖♥ ♣❡✉t é❝r✐r❡ ❝❡s ♦♣ér❛t❡✉rs ❝♦♠♠❡ s✉✐t ✿ Ωˆ0 = Ω0Bi0Lˆi/B0✱ ❛✈❡❝ B
i
0 ét❛♥t i✲è♠❡
❝♦♠♣♦s❛♥t❡ ❞❡ B0 ❡t Ω0 ≡ c/rL,0 ♣✉❧s❛t✐♦♥ ❞❡ ▲❛r♠♦r ❞❛♥s ❧❡ ❝❤❛♠♣ ♠♦②❡♥✳ ❆✈❡❝ ❝❡s
♥♦t❛t✐♦♥s ♦♥ ❛ Ωˆ0 · v = Ω0v × B0/B0✳ ▲✬♦♣ér❛t❡✉r δΩˆ(t) ❡st ❞é❝♦♠♣♦sé ❞❡ ❧❛ ♠ê♠❡
♠❛♥✐èr❡ q✉❡ ❧❡s ❣é♥ér❛t❡✉rs ❞✉ ❣r♦✉♣❡ ❞❡s r♦t❛t✐♦♥ ❡t δΩ ≡ c/rL✱ ♦ù rL ❡st ♠❛✐♥t❡♥❛♥t
♠❡s✉ré ♣❛r r❛♣♣♦rt à δB✳
P♦✉r rés♦✉❞r❡ ❧✬éq✉❛t✐♦♥ ❞❡ ♠♦✉✈❡♠❡♥t ♦♥ ❧❛ réé❝r✐t ❡♥ ❢♦♥❝t✐♦♥ ❞✬✉♥❡ ❛✉tr❡ ✈❛r✐❛❜❧❡
u ✿
v(t) ≡ Rˆ0(t) · u(t), ✭❆✳✸✮
✶✺✶
✶✺✷
♦ù
Rˆ0(t) ≡ exp
(
tΩˆ0
)
. ✭❆✳✹✮
❖♥ ❞é✜♥✐t ❛❧♦rs
ˆ˜Ω(t) ≡ Rˆ0(t)−1 · δΩˆ(t) · Rˆ0(t) , ✭❆✳✺✮
❡t ❧✬éq✉❛t✐♦♥ ♣♦✉r u(t) ❞❡✈✐❡♥t
d
dt
u = ˆ˜Ω(t) · u . ✭❆✳✻✮
▲❛ s♦❧✉t✐♦♥ ❞❡ ❝❡❧❧❡✲❝✐ ❡st ✐♠♠é❞✐❛t❡ ✿
u(t) = T exp
[∫ t
0
ˆ˜Ω(t′) dt′
]
· u(0) . ✭❆✳✼✮
P✉✐sq✉❡ ❧✬♦♣ér❛t❡✉r ❞❛♥s ❧✬❡①♣♦s❛♥t ❡st ✐♥❞é♣❡♥❞❛♥t ❞✉ t❡♠♣s ♦♥ ❞♦✐t ✐♥tr♦❞✉✐r❡ ✉♥
♦♣ér❛t❡✉r ❞✬♦r❞♦♥♥❛♥❝❡♠❡♥t t❡♠♣♦r❡❧ T ✱ ♣♦✉r ♣rés❡r✈❡r ❧❡ ❝❛r❛❝tèr❡ ❡①♣♦♥❡♥t✐❡❧ ❞❡ ❧❛
s♦❧✉t✐♦♥✳
❊♥ ♥♦t❛♥t q✉❡ u(0) = v(0)✱ ❞♦♥❝ ❧❛ s♦❧✉t✐♦♥ ♣♦✉r v ❡st ❞♦♥♥é❡ ♣❛r
v(t) = Rˆ0(t) · T exp
[∫ t
0
ˆ˜Ω(t′) dt′
]
· v(0) . ✭❆✳✽✮
▲❛ ♣❛rt✐❡ ré❣✉❧✐èr❡ ❞✉ ❝❤❛♠♣ ❣é♥èr❡ ❧❛ ♠❛tr✐❝❡ ❞❡ r♦t❛t✐♦♥ ré❣✉❧✐èr❡ Rˆ0(t) ❛❧♦rs q✉❡
❧✬❡①♣♦♥❡♥t✐❡❧❧❡ r❡♥❞ ❝♦♠♣t❡ ❞❡ ❧✬❡✛❡t ❞✉ ❝❤❛♠♣ t✉r❜✉❧❡♥t✳ ▲✬♦♣ér❛t❡✉r ❞✬♦r❞♦♥♥❛♥❝❡♠❡♥t
t❡♠♣♦r❡❧ T ♠❛✐♥t✐❡♥t ❧✬♦r❞r❡ ❝❤r♦♥♦❧♦❣✐q✉❡ ❞❡s ♣r♦❞✉✐ts ❞❛♥s ❧❡ ♥♦♥✲❝♦♠♠✉t❛t✐❢ ˆ˜Ω(tk)✱
❡♥ ❞é✈❡❧♦♣♣❛♥t ❧✬♦♣ér❛t❡✉r ❡①♣♦♥❡♥t✐❡❧✱ ✐✳❡✳
T Ωˆ(t1) · Ωˆ(t2) = Ωˆ(t1) · Ωˆ(t2) if t1 > t2 ,
= Ωˆ(t2) · Ωˆ(t1) if t2 > t1 , ✭❆✳✾✮
❊t ❞❡ ♠ê♠❡ ♣♦✉r ❧❡s ♣r♦❞✉✐ts ❞✬♦r❞r❡ s✉♣ér✐❡✉r✳ ❆❧t❡r♥❛t✐✈❡♠❡♥t✱ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t
♦r❞♦♥♥é ❡♥ t❡♠♣s✱ ♣❡✉t s✬é❝r✐r❡ s♦✉s ❢♦r♠❡ ❞❡s sér✐❡s ❞❡ ❉②s♦♥ ✿
T exp
[∫ t
0
ˆ˜Ω(t′) dt′
]
≡ 1 +
n=+∞∑
n=1
∫ t
0
dt1 . . .
∫ tn−1
0
dtn
ˆ˜Ω(t1) . . .
ˆ˜Ω(tn) .
✭❆✳✶✵✮
▼❛✐♥t❡♥❛♥t✱ ✉t✐❧✐s♦♥s ❧❡ t❤é♦rè♠❡ s✉✐✈❛♥t✱ ✈❛❧❛❜❧❡ ♣♦✉r ✉♥ ♣r♦❝❡ss✉s ●❛✉ss✐❡♥ st❛✲
❆◆◆❊❳❊ ❆✳ ❉➱▼❖◆❙❚❘❆❚■❖◆ ❚❍✳ ❉❊❙ ●❘❖❯P❊❙ ✶✺✸
t✐♦♥♥❛✐r❡ ❡t ❛❧é❛t♦✐r❡ ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞✉ ❜r✉✐t ❜❧❛♥❝ ✿〈
T exp
[∫ t
0
ˆ˜Ω(t′) dt′
]〉
=
T exp
[
1
2
∫ t
0
dt1
∫ t
0
dt2
〈
ˆ˜Ω(t1) · ˆ˜Ω(t2)
〉]
. ✭❆✳✶✶✮
❖♥ ♣❡✉t ❝♦♥s✐❞ér❡r ❞❡s ♣r♦♣r✐étés ❞✐✛ér❡♥t❡s ❞✉ ❝❤❛♠♣ t✉r❜✉❧❡♥t ✿ ✐s♦tr♦♣❡ ❛✈❡❝ ♦✉ s❛♥s
❤é❧✐❝✐té✱ ♦✉ ❜✐❡♥ ❛♥✐s♦tr♦♣❡ ❛✈❡❝ ❧✬✐♥✈❛r✐❛♥❝❡ ♣❛r r♦t❛t✐♦♥ ❛✉t♦✉r ❞✉ ❝❤❛♠♣ ♠♦②❡♥✳ ❚♦✉s
❧❡s ❝❛s ♣❡✉✈❡♥t êtr❡ tr❛✐tés ❡①❛❝t❡♠❡♥t✱ ♠❛✐s ❢♦❝❛❧✐s♦♥s✲♥♦✉s s✉r ❧❡ ❝❛s ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡
✸❉ ✐s♦tr♦♣❡
❖♥ ❞é✜♥✐t ❧❡s ♦♣ér❛t❡✉rs ❞❡ ♣r♦❥❡❝t✐♦♥ pˆi⊥ s✉r ❧❡ ♣❧❛♥ tr❛♥s✈❡rs❡ à B0 ❡t pˆi‖ ❧❡ ❧♦♥❣
❞❡ B0✳ ▲❛ ❢♦♥❝t✐♦♥ ❞❡ ❝♦rré❧❛t✐♦♥ ❞❡s ♠❛tr✐❝❡s ❞❡ r♦t❛t✐♦♥ ❛❧é❛t♦✐r❡ δˆΩ ❡st
〈δˆΩ(t1)δˆΩ(t1)〉 = 〈δΩi(t1)δΩj(t2)〉LˆiLˆj , ✭❆✳✶✷✮
❛✈❡❝
〈δΩi(t1)δΩj(t2)〉 = 2τcδ(t1 − t2)
[
1
2
〈δΩ2⊥〉pˆi⊥ij + 〈δΩ2‖〉pˆi‖ij
]
. ✭❆✳✶✸✮
▲❡s s❝❛❧❛✐r❡s 〈δΩ2‖〉 ❡t 〈δΩ2⊥〉 ❝❛r❛❝tér✐s❡♥t ❧✬✐♥t❡♥s✐té r❡❧❛t✐✈❡ ❡♥tr❡ ❧❡s ❞✐r❡❝t✐♦♥ ♣❛r❛❧❧è❧❡ à
B0 ❡t tr❛♥s✈❡rs❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♣♦✉r ✉♥❡ t✉r❜✉❧❡♥❝❡ ✸❉ ✐s♦tr♦♣❡✱ ♦♥ ❛ 〈δΩ2⊥〉 = 2〈δΩ2‖〉✱
❯t✐❧✐s❛♥t ❧❡s ♣r♦♣r✐étés ❞❡ pˆi⊥✱ pˆi‖ ❡t Lˆi✱ ♦♥ tr♦✉✈❡
〈δˆΩ(t1)δˆΩ(t1)〉 = −2τcδ(t1 − t2)
×
[
〈δΩ2〉1ˆ− 〈δΩ‖〉2pˆi‖ −
1
2
〈δΩ2⊥〉pˆi⊥
]
, ✭❆✳✶✹✮
♦ù 〈δΩ2〉 ≡ 〈δΩ‖〉2 + 〈δΩ2⊥〉✳ ❖♥ ♥♦t❡ q✉❡ ❧❛ ❝♦rré❧❛t✐♦♥ ♣ré❝é❞❡♥t❡ ❡st ✈❛❧❛❜❧❡ ♣♦✉r δˆΩ ❀
q✉✐ ♥❡ ❞♦✐t ♣❛s êtr❡ ❝♦♥❢♦♥❞✉❡ ❛✈❡❝ ˆ˜Ω ✭q✉❛♥t✐té ✐♠♣❧✐q✉é❡ ❞❛♥s ❧❡ ❝❛❧❝✉❧ ❞❡s ♣r♦♣r✐étés
❞❡ tr❛♥s♣♦rt✱ ❡①♣r✐♠é❡ ❞❛♥s ❧✬éq✳ ✭❆✳✶✶✮✳ ❚♦✉t❡❢♦✐s✱
〈 ˆ˜Ω(t1) ˆ˜Ω(t2)〉 = e−t1Ωˆ0〈δˆΩ(t1)e−(t2−t1)Ωˆ0 δˆΩ(t2)〉et2Ωˆ0 , ✭❆✳✶✺✮
❡t✱ ♣✉✐sq✉❡
[
pˆi‖, e
tΩˆ0
]
=
[
pˆi⊥, e
tΩˆ0
]
= 0✱ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❝♦rré❧❛t✐♦♥ ♣♦✉r ˆ˜Ω ❡st ❧❛ ♠ê♠❡
q✉❡ ♣♦✉r δˆΩ✳
❯t✐❧✐s❛♥t ❧✬❊q✳ ✭❆✳✶✶✮✱ ♦♥ tr♦✉✈❡ ❛❧♦rs ❧❛ s♦❧✉t✐♦♥ ♣♦✉r v ✿
〈v(t)〉 = Rˆ0(t) · exp
[
1
2
∫ t
0
dt1
∫ t
0
dt2 〈 ˆ˜Ω(t1) ˆ˜Ω(t2)〉
]
v(0) , ✭❆✳✶✻✮
✶✺✹
♦ù ❧❛ ♠♦②❡♥♥❡ ❡st ♣r✐s❡ s✉r ❧❡s ❞✐✛ér❡♥t❡s ré❛❧✐s❛t✐♦♥s ❞✉ ❝❤❛♠♣ t✉r❜✉❧❡♥t✳ ❈❡❧❛ ♠è♥❡ à ✿
〈v(t)〉 = Rˆ0(t) · exp
[
−tτc
(
〈δΩ2〉 − 〈δΩ2‖〉pˆi‖ −
1
2
〈δΩ2⊥〉pˆi⊥
)]
v(0) . ✭❆✳✶✼✮
❯t✐❧✐s❛♥t ❧❡s ♣r♦♣r✐étés ❞❡ pˆi‖ ❡t ❞❡ pˆi⊥✱ ♦♥ ♣❡✉t réé❝r✐r❡ ❝♦♠♠❡
〈v(t)〉 = Rˆ0(t) ·
{
exp
[
−tτc
(
〈δΩ2〉 − 〈δΩ2‖〉
)]
pˆi‖
+exp
[
−tτc
(
〈δΩ2〉 − 1
2
〈δΩ2⊥〉
)]
pˆi⊥
}
v(0) . ✭❆✳✶✽✮
❖♥ ❞ér✐✈❡ ❛❧♦rs ❧❡s rés✉❧t❛ts ❣é♥ér❛✉①
〈v‖(0)v‖(t)〉 = exp
[
−tτc
(
〈δΩ2〉 − 〈δΩ2‖〉
)]
〈v‖(0)2〉. ✭❆✳✶✾✮
❉❛♥s ❧❛ ❞✐r❡❝t✐♦♥ tr❛♥s✈❡rs❡ ✿
〈v⊥(0) · v⊥(t)〉 = exp
[
−tτc
(
〈δΩ2〉 − 1
2
〈δΩ2⊥〉
)]
×Tv⊥(0) · Rˆ0 · v⊥(0)
= exp
[
−tτc
(
〈δΩ2〉 − 1
2
〈δΩ2⊥〉
)]
× cos (Ω0t) 〈v⊥(0)2〉 . ✭❆✳✷✵✮
▲❛ ❞❡r♥✐èr❡ é❣❛❧✐té ✈✐❡♥t ❡♥ ❞é✈❡❧♦♣♣❛♥t ❧✬❡①♣♦♥❡♥t✐❡❧❧❡ Rˆ0 = exp
(
tΩˆ0
)
✱ ❡♥ ♥♦t❛♥t
q✉❡ Ωˆ0 = Ω0Lˆ3 ♣♦✉r B0 ❞✐r✐❣é ❧❡ ❧♦♥❣ ❞❡ z✱ Lˆ3
2n
= (−1)npˆi⊥✱ Lˆ32n+1 = (−1)nLˆ3✱
Tv⊥(0) · pˆi⊥ · v⊥(0) = 〈v⊥(0)2〉 ✱ ❡t Tv⊥(0) · Lˆ3 · v⊥(0) = 0✳
▲❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ♣❛r❛❧❧è❧❡ D‖ ❡t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ D⊥ s♦♥t ♦❜t❡♥✉s ❞✐r❡❝t❡✲
♠❡♥t à ♣❛rt✐r ❞❡s ❢♦♥❝t✐♦♥ ❞❡ ❝♦rré❧❛t✐♦♥ ❡♥ ✈✐t❡ss❡s✱ ❛♣rès ❛✈♦✐r ❡✛❡❝t✉é ❧❛ ♠♦②❡♥♥❡ s✉r
❧❡s ✈✐t❡ss❡s ✐♥✐t✐❛❧❡s ✿
D‖ =
∫ +∞
0
dt 〈v‖(0)v‖(t)〉 ,
D⊥ =
1
2
∫ +∞
0
dt 〈v⊥(0) · v⊥(t)〉 . ✭❆✳✷✶✮
❆◆◆❊❳❊ ❆✳ ❉➱▼❖◆❙❚❘❆❚■❖◆ ❚❍✳ ❉❊❙ ●❘❖❯P❊❙ ✶✺✺
❯t✐❧✐s❛♥t ❧❡s ❊q✉❛t✐♦♥s ❆✳✶✾ ❡t ❆✳✷✵ ❝❡❧❛ ♠è♥❡ à
D‖ =
1
3
c2
νs
,
D⊥ =
1
3
c2
ν⊥
ν2⊥ +Ω
2
0
, ✭❆✳✷✷✮
♦ù
νs = τc
(
〈δΩ2〉 − 〈δΩ2‖〉
)
,
ν⊥ = τc
(
〈δΩ2〉 − 1
2
〈δΩ2⊥〉
)
. ✭❆✳✷✸✮
P♦✉r ✉♥❡ t✉r❜✉❧❡♥❝❡ ✸❉ ✐s♦tr♦♣❡ ♦♥ ❛ 〈δΩ2⊥〉 = 2〈δΩ2‖〉 = 23〈δΩ2〉✱ ❞✬♦ù ✿
ν⊥ = νs =
2
3
〈δΩ2〉τc = 2
3
η
ρ2
c
ℓc
. ✭❆✳✷✹✮
❖♥ ♣❡✉t ♥♦t❡r q✉❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ νs ❝♦rr❡s♣♦♥❞ à ❝❡❧❧❡ q✉❡ ❧✬♦♥ ❞é❞✉✐t ❞❡ ❧❛ ♠❛r❝❤❡
❛❧é❛t♦✐r❡ ❞❡ ❧✬❛♥❣❧❡ ❞✬❛tt❛q✉❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞❛♥s ❧❛ ❧✐♠✐t❡ r¯L ≫ ℓc✳ ◆♦t♦♥s ❛✉ss✐ q✉❡ ❧❡
❝❛❧❝✉❧ ♣rés❡♥té ✐❝✐ ♣❡✉t êtr❡ ❛♣♣❧✐q✉é ❞❛♥s ❧❛ ❧✐♠✐t❡ ρ ≪ 1 s✐ ❧❡ t❡♠♣s ❞❡ ❝♦❤ér❡♥❝❡ ❡st
♣❧✉s ❝♦✉rt q✉❡ ❧❡ t❡♠♣s ❞❡ ❞✐✛✉s✐♦♥✳ ❈❡❧❛ ❡st ✈r❛✐ ❞❛♥s ❧❡ ❝❛s νs = (2/3)ηρβ−2 ✭rés✉❧t❛t
❞❡ ❧❛ t❤é♦r✐❡ q✉❛s✐✲❧✐♥é❛✐r❡✮✳ ❚♦✉t❡❢♦✐s✱ ❝❡s rés✉❧t❛ts ♥❡ ♣❡✉✈❡♥t êtr❡ ét❡♥❞✉s ❛✉ ❝♦❡✣❝✐❡♥t
♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❞❛♥s ❧❛ ❧✐♠✐t❡ ρ≪ 1 ♣✉✐sq✉✬♦♥ ♥✬❛ ♣❛s t❡♥✉ ❝♦♠♣t❡ ❞✉ ❝❤❛♦s ❞❡s ❧✐❣♥❡s
❞❡ ❝❤❛♠♣✳
❖♥ ❛✉r❛ ❞♦♥❝ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts s✉✐✈❛♥ts ♣♦✉r D⊥ q✉❛♥❞ ρ≫ 1 ✿
D⊥ ≃ D‖ ≃
1
2
cℓcρ
2/η (1≪ ρ≪ B¯/B0) ,
D⊥ ≃ 2
9
cℓc
B¯2
B20
(B¯/B0 ≪ ρ) . ✭❆✳✷✺✮
▲❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① s❡ ♣r♦❞✉✐t q✉❛♥t ρ ∼ B¯/B0 ≃ η1/2(1−η)−1/2✱ ❝♦rr❡s♣♦♥❞❛♥t
à νs ∼ Ω0✳ ❆✉① r✐❣✐❞✐tés ♣❧✉s ❣r❛♥❞❡s✱ ❧❡ ❝♦❡✣❝✐❡♥t tr❛♥s✈❡rs❡ r❡st❡ ❝♦♥st❛♥t ❛❧♦rs q✉✬❡♥
❞✐r❡❝t✐♦♥ ♣❛r❛❧❧è❧❡ ✐❧ ❝♦♥t✐♥✉❡ à ❝r♦✐tr❡ ❝♦♠♠❡ ρ2✳

❆♥♥❡①❡ ❇
❙tr✉❝t✉r❡ ❞✉ ❝♦❞❡ P■❈ ✶❉ ✏❯❩❊■◆✑
▲❡ ❝♦❞❡ P❛rt✐❝❧❡✲■♥✲❈❡❧❧ ✭P■❈✮ ✉t✐❧✐sé ❞❛♥s ❝❡tt❡ t❤ès❡ ❛ été é❝r✐t ♣❛r ❇❡rtr❛♥❞ ▲❡♠✲
❜è❣❡ ❬✶❪✳ ❈❡ ❝♦❞❡ ❛ été ❛♠♣❧❡♠❡♥t ✉t✐❧✐sé ❞❛♥s ❧✬ét✉❞❡ ❞❡s ♦♥❞❡s ♣❧❛s♠❛ ♥♦♥✲❧✐♥é❛✐r❡s ❡t
♦♥❞❡s ❝❤♦❝ ♥♦♥✲❝♦❧❧✐s✐♦♥♥❡❧❧❡s à ♥♦♠❜r❡ ❞❡ ▼❛❝❤ ♠♦❞éré ✭≤ 10✮✱ ❞❛♥s ❧❡ ❝♦♥t❡①t❡ ❞❡s
❝❤♦❝s ❞❛♥s ❧❛ ♠❛❣♥ét♦s♣❤èr❡ t❡rr❡str❡ ♦✉ ❧✬❤é❧✐♦s♣❤èr❡✳
❈✬❡st ✉♥ ❝♦❞❡ ♣s❡✉❞♦✲s♣❡❝tr❛❧ ♦ù ❧❡s ❡q✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧ s♦♥t rés♦❧✉❡s ❞❛♥s ❧✬❡s♣❛❝❡
❞❡ ❋♦✉r✐❡r ❡t ❧❡s ♣❛rt✐❝✉❧❡s s♦♥t ❛✈❛♥❝é❡s ♣❛r ❧❛ ❢♦r❝❡ ❞❡ ▲♦r❡♥t③✳
▲❡ ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❧❡s ♣❛rt✐❝✉❧❡s ❡t ❝❤❛♠♣s ❡st ❢❛✐t ✈✐❛ ❧❛ ❞é♣♦s✐t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡
❝❤❛r❣❡ ❡t ❞✉ ❝♦✉r❛♥t s✉r ❣r✐❧❧❡✳ ❈❡s q✉❛♥t✐tés s❡r✈❡♥t ❡♥s✉✐t❡ à ❛✈❛♥❝❡r ❞❛♥s ❧❡ t❡♠♣s
❧❡ ❝❤❛♠♣ é❧❡❝tr♦♠❛❣♥ét✐q✉❡✳ ▲❡s ♥♦✉✈❡❧❧❡s ✈❛❧❡✉rs ❞✉ ❝❤❛♠♣ s♦♥t ❡♥s✉✐t❡ ✉t✐❧✐sé❡s ♣♦✉r
♣♦✉ss❡r ❧❡s ♣❛rt✐❝✉❧❡s ✉♥❡ ♣❛r ✉♥❡✳ ▲❡ ♣r♦❝é❞é ❡st ❝②❝❧✐q✉❡ s✉r ✉♥ ♥♦♠❜r❡ ❞❡ ♣❛s ❞❡
t❡♠♣s ❞♦♥♥é✳
❇✳✶ ◆♦r♠❛❧✐s❛t✐♦♥s ❞✉ ❝♦❞❡
❖♥ ❝♦♠♠❡♥❝❡ ♣❛r ❧❡s q✉❛♥t✐tés ❞❡ ♥♦r♠❛❧✐s❛t✐♦♥✳ ▲❡ t❡♠♣s ❡st ♥♦r♠❛❧✐sé ♣❛r ω−1pe ✳
▲❡s ❞✐st❛♥❝❡s s♦♥t ♥♦r♠❛❧✐sé❡s ♣❛r ❧❡ ♣❛s ❞❡ ❧❛ ❣r✐❧❧❡ ∆✳ ▲❛ ❝❤❛r❣❡ é❧é♠❡♥t❛✐r❡ ❡st ❝❡❧❧❡
❞❡ ❧✬é❧❡❝tr♦♥✱ ❞♦♥❝ qe = 1✳
❚♦✉t❡s ❧❡s ♥♦r♠❛❧✐s❛t✐♦♥s s✬é❝r✐✈❡♥t ✿
x˜ =
x
∆
; t˜ = ωpet; v˜ =
v
ωpe∆
; p˜α =
pα
mαωpe∆
;
E˜ =
qE
meω2pe∆
; B˜ =
qB
meω2pe∆
; J˜ =
J
qωpe∆
;
(
❡t ♥♦♥
J
n0qωpe∆
)
.
❖ù ∆ ❡st ❧❡ ♣❛s ❞❡ ❧❛ ❣r✐❧❧❡✱ ωpe ❡st ❧❛ ♣✉❧s❛t✐♦♥ ♣❧❛s♠❛ ❞❡s é❧❡❝tr♦♥s✱ mα ❡st ❧❛ ♠❛ss❡
❛✉ r❡♣♦s ♣♦✉r ❝❤❛q✉❡ ❡s♣è❝❡ ✭s♦✐t é❧❡❝tr♦♥s α = e✱ s♦✐t ✐♦♥s α = i✮✱ n0 ❡st ❧❡ ❞❡♥s✐té ✭✐✳❡✳
♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s ♣❛r ♣♦✐♥t ❣r✐❧❧❡ ♣❛r ❡s♣è❝❡✮✳
✶✺✼
✶✺✽ ❇✳✷✳ ■◆❚➱●❘❆❚■❖◆ ❉❊ ▲✬➱◗❯❆❚■❖◆ ❉❊ ▼❖❯❱❊▼❊◆❚
❈♦♠♠❡ ♦♥ ♣❡✉t ❧❡ ✈♦✐r✱ ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ♥✬❡st ♣❛s ✉♥❡ ❝♦♥st❛♥t❡ ❞❡ ♥♦r♠❛❧✐s❛✲
t✐♦♥✱ ❝♦♥tr❛✐r❡♠❡♥t à ❧❛ ♣❧✉♣❛rt ❞❡s ❝♦❞❡s P■❈ r❡❧❛t✐✈✐st❡s✳ ■❧ ❢❛✉t ❞♦♥❝ ❞♦♥♥❡r ✉♥❡ ✈❛❧❡✉r
♥✉♠ér✐q✉❡ ♣♦✉r ❧❛ ✈✐t❡ss❡ c ❡♥ ✉♥✐tés ❞❡ ωpe∆✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s ♣❛r
❣r✐❧❧❡ n0 ♥❡ ❝❤❛♥❣❡ ❛✉❝✉♥❡ q✉❛♥t✐té ♣❤②s✐q✉❡✱ ❝❛r ωpe ❡st ✉♥❡ ❝♦♥st❛♥t❡ ❞❡ ♥♦r♠❛❧✐s❛t✐♦♥✳
■❧ ♥❡ s❡rt ❞♦♥❝ q✉✬à ♠♦❞✉❧❡r ❧❡ ♥✐✈❡❛✉ ❞❡ ❜r✉✐t ♥✉♠ér✐q✉❡✳
▲❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ❞✉ ❝♦❞❡ ♣r❡♥♥❡♥t ❞♦♥❝ ❧❡s ♣❛r❛♠ètr❡s s✉✐✈❛♥ts ✿ ∆t✱ c˜✱ θB✱
B0✱ vth,e✱ me/mi✱ Te/Ti✳ ◆♦t♦♥s q✉❡ ❧❡s ❝♦♥✈❡♥t✐♦♥s ❞✬❛❞✐♠❡♥s✐♦♥♥❡♠❡♥t✱ ❛❞♦♣té❡s ❞❛♥s
❧❡ ❝♦❞❡✱ ✐♠♣❧✐q✉❡♥t q✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s ♣❛r ♣♦✐♥t✲❣r✐❧❧❡ ♥✬✐♥✢✉❡ s✉r ❛✉❝✉♥❡ q✉❛♥✲
t✐té ✏♣❤②s✐q✉❡✑ ✭vA, cS , ρL,e, ρL,i, λD✮ ✦ ▲❡ rô❧❡ ❞❡ n0 ❡st ❞❡ ❝♦♥trô❧❡r ❧❡ ♥✐✈❡❛✉ ❞✉ ❜r✉✐t
♥✉♠ér✐q✉❡ ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ ✿ ♣❧✉s n0 ❡st ❣r❛♥❞✱ ♣❧✉s ♣❡t✐t ❧❡ ♥✐✈❡❛✉ ❞❡ ❜r✉✐t s❡r❛✳
❇✳✷ ■♥té❣r❛t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ♠♦✉✈❡♠❡♥t
P♦✉r ❝❤❛q✉❡ ♣❛rt✐❝✉❧❡ ♦♥ ❝❛❧❝✉❧❡ ❧✬✐♠♣✉❧s✐♦♥✱ ✈✐t❡ss❡ ❡t ♣♦s✐t✐♦♥ à ♣❛rt✐r ❞❡ ❧✬éq✉❛t✐♦♥
❞❡ ▲♦r❡♥t③ ✿
dpi
dt
= qi(E +
pi
γimic
×B), ❛✈❡❝
pi =
mivi√
1− (v2i /c2)
dxi
dt
= vi
❖ù i ❡st ❧✬✐♥❞✐❝❡ ❞❡ ❧❛ ♠❛❝r♦✲♣❛rt✐❝✉❧❡ ❡t γi ❡st s♦♥ ❢❛❝t❡✉r ❞❡ ▲♦r❡♥t③✳ ❈♦♠♠❡ ♦♥ ♣❡✉t ❧❡
✈♦✐r✱ ♦♥ ✉t✐❧✐s❡ ❧❛ ✈❡rs✐♦♥ r❡❧❛t✐✈✐st❡ ❞❡ ❧✬éq✉❛t✐♦♥✳ ❊❧❧❡ ❡st rés♦❧✉❡ ♥✉♠ér✐q✉❡♠❡♥t ♣❛r ✉♥
s❝❤é♠❛ ❛✉① ❞✐✛ér❡♥❝❡s ✜♥✐❡s ❝❡♥tré ❡♥ t❡♠♣s ✭✐✳❡✳ ❧❡ ❝❛❧❝✉❧ ❞❡s ♣♦s✐t✐♦♥s ❡st ❞é❝❛❧é ❞✬✉♥
❞❡♠✐ ♣❛s ❞❡ t❡♠♣s ♣❛r r❛♣♣♦rt ❛✉① ✈✐t❡ss❡s✮✳ ▲❡s ♣♦s✐t✐♦♥s s♦♥t ❡♥r❡❣✐stré❡s ❛✉① t❡♠♣s
❡♥t✐❡rs ❡t ❧❡s ✈✐t❡ss❡s ❛✉① ♣❛s ❞❡ t❡♠♣s ❞❡♠✐✲❡♥t✐❡rs✳ ▲✬❛❧❣♦r✐t❤♠❡ ❡st ❝❡❧✉✐ ❞❡ ❑✇❛♥ ✶✾✼✽
❬✷❪✱ ❞♦♥t ♦♥ ❞♦♥♥❡ ❧❛ ❞❡s❝r✐♣t✐♦♥ ✐❝✐✳
➱t❛♥t ❞♦♥♥é q✉❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ✏s❛✉t❡✲♠♦✉t♦♥✑ ✭❆♥❣❧❛✐s ✿ ❧❡❛♣✲❢r♦❣✮ ❡st ✉t✐❧✐sé❡✱ ♦♥
❞♦✐t ❝♦♥♥❛✐tr❡ ❧❡s ♣♦s✐t✐♦♥s ❞❡s ♣❛rt✐❝✉❧❡s ❛✉① ♣❛s ❞❡ t❡♠♣s ❡♥t✐❡rs ✭0, 1, 2, ..., n, n +
1, .., nend✮✱ ❧❡s ✐♠♣✉❧s✐♦♥s ❛✉① ♣❛s ❞❡ t❡♠♣s ❞❡♠✐✲❡♥t✐❡rs ✭−1/2,+1/2, .., n − 1/2, n +
1/2, ..., nend − 1/2✮ ❡t ❧❡s é♥❡r❣✐❡s γn ❛✉① ♣❛s ❞❡ t❡♠♣s ❡♥t✐❡rs✳ ❆♣rès ❞✐s❝rét✐s❛t✐♦♥✱ ❧❡
s②stè♠❡ ❞✬éq✉❛t✐♦♥s ♣ré❝é❞❡♥t ❞❡✈✐❡♥t ✿
p
n+1/2
i − pn−1/2i
∆t
= qi(E
n +
(p
n−1/2
i + p
n+1/2
i )
2γni mic
×Bn) ✭❇✳✶✮
xn+1i − xni
∆t
= v
n+1/2
i ✭❇✳✷✮
❆◆◆❊❳❊ ❇✳ ❙❚❘❯❈❚❯❘❊ ❉❯ ❈❖❉❊ P■❈ ✶❉ ✏❯❩❊■◆✑ ✶✺✾
❈❡ s❝❤é♠❛ ❡st ♣ré❝✐s à ❧✬♦r❞r❡ (∆t)2 ❡♥ t❡♠♣s ❡♥ ✈❡rt✉ ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❡♥ sér✐❡ ❞❡
❚❛②❧♦r ✿ fn+1/2 = fn−1/2 +∆tdfdt |t=tn + ǫ((∆t)2)✳
P♦✉r ♣♦✉✈♦✐r ❛✈❛♥❝❡r ❧❛ ♣❛rt✐❝✉❧❡ ❞✬✉♥ ♣❛s ❞❡ t❡♠♣s n à n+1 ❡♥ ♣♦s✐t✐♦♥s ♦♥ ❛ ❛✉ss✐
❜❡s♦✐♥ ❞❡ ❝♦♥♥❛✐tr❡ ❧❡s ❝❤❛♠♣s é❧❡❝tr✐q✉❡ ❡t ♠❛❣♥ét✐q✉❡ à ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✳
❈♦♠♠❡ ✐❧ s❡r❛ ❞é❝r✐t ♣❧✉s ❧♦✐♥✱ ❧❡s éq✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧ s♦♥t rés♦❧✉❡s ❛✈❡❝ ✉♥ s❝❤é♠❛
❞é❝❡♥tré ❡♥ t❡♠♣s ♣♦✉r E ❡t B ❞❡ s♦rt❡ q✉❡ ❧❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❡st ❝♦♥♥✉ ❛✉① ♣❛s ❞❡
t❡♠♣s ❡♥t✐❡rs ❡t ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❛✉① ♣❛s ❞❡ t❡♠♣s ❞❡♠✐✲❡♥t✐❡rs✳ ❖♥ s✉♣♣♦s❡ ❛✉ss✐
q✉❡ ❧✬✐♥t❡r♣♦❧❛t✐♦♥ ❛ été ❢❛✐t❡ ❡t ♦♥ ❝♦♥♥❛✐t En✱ Bn−1/2 ❡t Bn+1/2✳ ◆é❛♥♠♦✐♥s✱ ❧✬❛❧❣♦✲
r✐t❤♠❡ ❛✉r❛ ❜❡s♦✐♥ ❞❡s Bn q✉✬♦♥ ❝❛❧❝✉❧❡ ♣ré❛❧❛❜❧❡♠❡♥t ❛✈❡❝ ✉♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ ❧✐♥é❛✐r❡
Bn = (Bn−1/2 +Bn+1/2)/2✳
❖♥ ❝♦♥♥❛✐t ❞♦♥❝✱ ✐♥✐t✐❛❧❡♠❡♥t✱ ❧❛ ♣♦s✐t✐♦♥ x0 ❡t p−1/2 ✭❡♥ ❣é♥ér❛❧ xn ❡t pn−1/2✮✳ ❊t
♦♥ ✈❡✉t ❞é❞✉✐r❡ x1 ❡t p1/2 ✭r❡s♣❡❝t✐✈❡♠❡♥t xn+1 ❡t pn+1/2✮✳ Pr❡♠✐èr❡♠❡♥t✱ ♦♥ ❞é✜♥✐t
❞❡✉① ✈❛r✐❛❜❧❡s ✐♥t❡r♠é❞✐❛✐r❡s ✿
p⋆1 = p
n−1/2 + qEn∆t/2
p⋆2 = p
n+1/2 − qEn∆t/2
▲✬éq✉❛t✐♦♥ ❇✳✶ ❞❡✈✐❡♥t ❛❧♦rs ✿
p⋆2 = p
⋆
1 +
q∆t
2m0c
(p⋆1 + p
⋆
2)×
Bn
γn
♦ù m0 ❡st ❧❛ ♠❛ss❡ ❛✉ r❡♣♦s ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✳ ▲❡ ❣❛♠♠❛ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❛✉ ♣❛s ❞❡ t❡♠♣s
❡♥t✐❡r ❡st ❝❛❧❝✉❧é ❞❛♥s ✉♥❡ ét❛♣❡ ✐♥t❡r♠é❞✐❛✐r❡ ❝♦♠♠❡ γn =
√
1 + (p⋆1)
2/(m20c
2) ❀ ❝✬❡st
✉♥ ♣❛r❛♠ètr❡ ✜①❡ ❞✉ ❝❛❧❝✉❧✳ ■❧ ❢❛✉t ❞♦♥❝ ❝♦♥♥❛✐tr❡ p⋆2 ❡♥ ❢♦♥❝t✐♦♥ ❞❡ p
⋆
1✳ ▲❡ ♣r♦❜❧è♠❡ ❡st
❧❛ ♣rés❡♥❝❡ ❞❡ t❡r♠❡s ❡♥ p⋆2 ❞✉ ❝ôté ❞r♦✐t ❞❡ ❧✬éq✉❛t✐♦♥ ❡t ✐❧ ✈❛ ❢❛❧❧♦✐r rés♦✉❞r❡ ❧❡ s②stè♠❡
❧✐♥é❛✐r❡✳ ➱❝r✐✈♦♥s ❧❡ s②stè♠❡ ❧❡ ❧♦♥❣ ❞❡ ❝❤❛q✉❡ ❞✐r❡❝t✐♦♥ x, y, z ✿
p⋆2x = p
⋆
1x +
q∆t
2m0cγn
(
p⋆1yB
n
z − p⋆1zBny + p⋆2yBnz − p⋆2zBny
)
p⋆2y = p
⋆
1y +
q∆t
2m0cγn
(p⋆1zB
n
x − p⋆1xBnz + p⋆2zBnx − p⋆2xBnz )
p⋆2z = p
⋆
1z +
q∆t
2m0cγn
(
p⋆1xB
n
y − p⋆1yBnx + p⋆2xBny − p⋆2yBnx
)
.
❊♥ ♣❛ss❛♥t t♦✉s ❧❡s t❡r♠❡s ❡♥ p⋆2(x,y,z) ❞✉ ❝ôté ❣❛✉❝❤❡✱ ♦♥ s❡ r❡tr♦✉✈❡ ❛✈❡❝ ✉♥ s②stè♠❡
❧✐♥é❛✐r❡ q✉❡ ❧✬♦♥ ♣❡✉t ♠❡ttr❡ s♦✉s ❧❛ ❢♦r♠❡ Aˆp⋆2 = Bˆp
⋆
1✳ Aˆ ❡t Bˆ s♦♥t ❞❡✉① ♠❛tr✐❝❡s
✶✻✵ ❇✳✸✳ ■◆❚➱●❘❆❚■❖◆ ❉❊❙ ➱◗❯❆❚■❖◆❙ ❉❊ ▼❆❳❲❊▲▲
s✉✐✈❛♥t❡s ✿
Aˆ =

 1 −Z YZ 1 −X
−Y X 1

 , Bˆ =

 1 Z −Y−Z 1 X
Y −X 1

 . ✭❇✳✸✮
❖ù ♦♥ ❛ ♣♦sé ✿ X = q∆tBnx/(2m0cγ
n)✱ Y = q∆tBnx/(2m0cγ
n) ❡t Z = q∆tBnz /(2m0cγ
n)✳
▲❛ rés♦❧✉t✐♦♥ ❞✉ s②stè♠❡ ♣❛ss❡ ♣❛r ❧✬✐♥✈❡rs✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡ Aˆ ❡t ♠✉❧t✐♣❧✐❝❛t✐♦♥ Aˆ−1Bˆ✳
▲❛ ♠❛tr✐❝❡ ét❛♥t ❛ss❡③ ♣❡t✐t❡ 3 × 3 ❡t ❧❛ ♠ét❤♦❞❡ ❧❛ ♣❧✉s r❛♣✐❞❡ ❝♦♥s✐st❡ à ❝❛❧❝✉❧❡r ❧❛
tr❛♥s♣♦sé❡ ❞❡ s❛ ❝♦✲♠❛tr✐❝❡ ✿
Aˆ−1 =
tcomAˆ
detA
✭❇✳✹✮
❖♥ ❝❛❧❝✉❧❡ det Aˆ = 1 +X2 + Y 2 + Z2✳ ❆♣rès ❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❧✬éq✳ ❇✳✹ ❡t ♠✉❧t✐♣❧✐❝❛t✐♦♥
♣❛r Bˆ ♦♥ ♦❜t✐❡♥t ❧❡ s②stè♠❡ s✉✐✈❛♥t ✿

p
⋆
2x
p⋆2y
p⋆2z

 = 1
det Aˆ

1 +X
2 − Y 2 − Z2 2(XY + Z) 2(XZ − Y )
2(XY − Z) 1−X2 + Y 2 − Z2 2(X + Y Z)
2(XZ + Y ) 2(Y Z −X) 1−X2 − Y 2 + Z2



p
⋆
1x
p⋆1y
p⋆1z

 .
✭❇✳✺✮
❈❡ s②stè♠❡ s❡rt à ❢❛✐r❡ t♦✉r♥❡r ❧❡ ✈❡❝t❡✉r ✐♠♣✉❧s✐♦♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ♣❛r ❧❡ ❝❤❛♠♣ Bn à
❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s✳ ❋✐♥❛❧❡♠❡♥t✱ ❧❡s ét❛♣❡s ❞❡ ❧✬✐♥té❣r❛t❡✉r s✉r ✉♥ ♣❛s ❞❡ t❡♠♣s s♦♥t
❧❡s s✉✐✈❛♥t❡s ✿
✶✳ ❉❡♠✐✲❛✈❛♥❝é❡ ♣❛r ❧❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡✱ ❞♦♥♥❛♥t p⋆1 = p
n−1/2 + q∆tEn/2✳
✷✳ ❈❛❧❝✉❧ ❞❡ γn✳
✸✳ ❘♦t❛t✐♦♥ ♣❛r ❧❡ s②stè♠❡ ❇✳✺✳ ❖♥ ♦❜t✐❡♥t p⋆2 à ♣❛rt✐r ❞❡ p
⋆
1
✹✳ ❉❡✉①✐è♠❡ ❞❡♠✐✲❛✈❛♥❝é❡ ♣❛r ❧❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡✱ ❞♦♥♥❛♥t pn+1/2 = p⋆2+ q∆tE
n/2✳
✺✳ ❈❛❧❝✉❧ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ vn+1/2x = p
n+1/2
x /
√
1 + (pn+1/2)2/(m20c
2) ❡t
❛✈❛♥❝❡♠❡♥t ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡s ❧❡ ❧♦♥❣ ❞❡ ❧❛ s❡✉❧❡ ❞✐♠❡♥s✐♦♥ s♣❛t✐❛❧❡ x
♣❛r ✿ xn+1 = xn + vn+1/2x ∆t✳
❇✳✸ ■♥té❣r❛t✐♦♥ ❞❡s éq✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧
➱❝r✐✈♦♥s ❧❡s ❡q✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧ ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡ ❋♦✉r✐❡r ✿
❆◆◆❊❳❊ ❇✳ ❙❚❘❯❈❚❯❘❊ ❉❯ ❈❖❉❊ P■❈ ✶❉ ✏❯❩❊■◆✑ ✶✻✶
ikE(k) = 4πρ(k)
ikB(k) = 0
ik ×B(k) = 4π
c
j(k) +
1
c
∂E(k)
∂t
ik ×E(k) = −1
c
∂B(k)
∂t
P♦✉r ✉♥ ❝♦❞❡ ✶❉✱ ❧❛ rés♦❧✉t✐♦♥ ♥✉♠ér✐q✉❡ ❞❡s ❝❡s ❡q✉❛t✐♦♥s ♥❡ r❡t✐❡♥t q✉❡ ❧❛ ❝♦♥tr✐✲
❜✉t✐♦♥ ❡♥ ❞✐r❡❝t✐♦♥ x ❞✉ ✈❡❝t❡✉r ❞✬♦♥❞❡✳ ▲❡ s②stè♠❡ ♣ré❝é❞❡♥t s❡ ré❞✉✐t ❛❧♦rs à ✿
Ex(kx) = −i4πρ(kx)/kx
∂Ey(kx)
∂t
= −ickxBz(kx)− 4πJy(kx)
∂Ez(kx)
∂t
= ickxBy(kx)− 4πJz(kx)
∂By(kx)
∂t
= ickxEz(kx)
∂Bz(kx)
∂t
= −ickxEy(kx)
❊t✱ ❛♣rès ❞✐s❝rét✐s❛t✐♦♥ t❡♠♣♦r❡❧❧❡ ✭tn = n∆t✮✱ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡♥ sér✐❡s ❞❡ ❚❛②❧♦r
tr♦♥q✉é à ❧✬♦r❞r❡ ✶ ❞♦♥♥❡ ✿
En+1x (kx) = −i4πρ(kx)n+1/kx
En+1y (kx)− Eny (kx)
∆t
= −ickxBn+1/2z (kx)− 4πJn+1/2y (kx)
En+1z (kx)− Enz (kx)
∆t
= ickxB
n+1/2
y (kx)− 4πJn+1/2z (kx)
B
n+1/2
y (kx)−Bn−1/2y (kx)
∆t
= ickxE
n
z (kx)
B
n+1/2
z (kx)−Bn−1/2z (kx)
∆t
= −ickxEny (kx)
▲✬❡rr❡✉r ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ ❡st ❞♦♥❝ ❡♥ (∆t)2 q✉✐ ❡st ✉♥ ♣❡t✐t ♣❛r❛♠ètr❡ ❝❛r ∆t ω−1pe ≪ 1✳
❈♦♠♠❡ ❧❡s ❝♦✉r❛♥ts s♦♥t ❞é✜♥✐s ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡ ❋♦✉r✐❡r✱ ❧❛ rés♦❧✉t✐♦♥ ❞❡ ❝❡s ❡q✉❛✲
t✐♦♥s s❡ ré❞✉✐t à ✉♥❡ ♦♣ér❛t✐♦♥ ❛❧❣é❜r✐q✉❡✱ ♣♦✉r ❝❤❛q✉❡ ❝♦♠♣♦s❛♥t❡m ❞❡ ❋♦✉r✐❡r ✭❛✈❡❝ ❧❛
❞é✜♥✐t✐♦♥ kx = mπ/Lx ❡tm = 0, 1, ..., Lx−1✮✳ ❆✉ss✐✱ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
❡st ❛✉t♦♠❛t✐q✉❡♠❡♥t ♥✉❧❧❡ ❞❛♥s ❝❡tt❡ ❛♣♣r♦❝❤❡✱ s✐ ❝✬❡st ❧❡ ❝❛s ❛✉ ♣❛s ❞❡ t❡♠♣s ✐♥✐t✐❛❧✳
❚♦✉s ❧❡s ❝❤❛♠♣s ét❛♥t ❞é✜♥✐s ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s ♥♦♠❜r❡s ❞✬♦♥❞❡✱ ✐❧ ❢❛✉t ❡✛❡❝t✉❡r
✶✻✷ ❇✳✹✳ ❉➱P❖❙■❚■❖◆ ❉❊ ❈❍❆❘●❊ ❊❚ ❉❯ ❈❖❯❘❆◆❚
✉♥❡ tr❛♥s❢♦r♠❛t✐♦♥ ❞❡ ❋♦✉r✐❡r ✐♥✈❡rs❡ ✭kx → x✮ ♣♦✉r ♣♦✉ss❡r ❧❡s ♣❛rt✐❝✉❧❡s✳ ❈❡❧❧❡s✲❝✐
ét❛♥t t♦✉❥♦✉rs ❞❛♥s ❧✬❡s♣❛❝❡ ❞✐r❡❝t✳ ▲✬♦♣ér❛t✐♦♥ ❡st ❢❛✐t❡ ❡♥ ✉t✐❧✐s❛♥t ❧❡s tr❛♥s❢♦r♠é❡s ❞❡
❋♦✉r✐❡r ❞✐s❝rèt❡s ✭❋❋❚✮ ❞♦♥t ✉♥❡ ❣r❛♥❞❡ q✉❛♥t✐té ❞✬✐♠♣❧é♠❡♥t❛t✐♦♥s ♥✉♠ér✐q✉❡s ♣❡✉t
êtr❡ tr♦✉✈é❡✳ ❈✐t♦♥s ♣❛r ❡①❡♠♣❧❡ ❧❛ ❋❋❚❲ ✭❛❞r❡ss❡ ✇❡❜ ✿ ❤tt♣ ✿✴✴✇✇✇✳✛t✇✳♦r❣✴✮ ♦✉ ❧❛
❧✐❜r❛✐r✐❡ ◆❆●✳ ❈✬❡st ❝❡tt❡ ❞❡r♥✐èr❡ q✉✐ ❡st ✉t✐❧✐sé❡ ❞❛♥s ❧❡ ❝♦❞❡✳
❇✳✹ ❉é♣♦s✐t✐♦♥ ❞❡ ❝❤❛r❣❡ ❡t ❞✉ ❝♦✉r❛♥t
❖♥ ✉t✐❧✐s❡ ❧✬❛❧❣♦r✐t❤♠❡ ❙❯❉❙ ✭ ❬✸❪✮ ♣♦✉r ❢❛✐r❡ ❧❛ ❞é♣♦s✐t✐♦♥ ❞❡ ❝❤❛r❣❡ ❞❡s ♣❛rt✐❝✉❧❡s
❡t ❞✉ ❝♦✉r❛♥t s✉r ❧❛ ❣r✐❧❧❡✳ ❈❡tt❡ t❡❝❤♥✐q✉❡ ❝♦♥s✐st❡ à ❢❛✐r❡ ✉♥ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✐♣♦❧❛✐r❡
❞❡ ❧❛ ❞❡♥s✐té ❞❡ ❝❤❛r❣❡ ❛✉t♦✉r ❞✉ ♣♦✐♥t ❣r✐❧❧❡ ❧❡ ♣❧✉s ♣r♦❝❤❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✱ ❡♥ ♣❛rt❛♥t ❞❡
❧✬éq✉❛t✐♦♥ ✺✳✽ ❞❛♥s ❧❛ ❙❡❝t✐♦♥ s✉❜s❡❝t ✿❡qP■❈✳ ❆✐♥s✐✱ ❧❛ ❞ér✐✈é❡ à ❧✬♦r❞r❡ ✶ ❞❡ ❧❛ ❢♦♥❝t✐♦♥
S(x) ✐♥t❡r✈✐❡♥t ❞❛♥s ❧❡ ❝❛❧❝✉❧ ❞❡ ❝❤❛r❣❡✳ ❊♥ ❛♣♣r♦①✐♠❛♥t ♣❛r ❧❡s ❞✐✛ér❡♥❝❡s ❝❡♥tré❡s✱ ❧❡
s❝❤é♠❛ s❡ ré❞✉✐t ❛✉① ♦♣ér❛t✐♦♥s s✉✐✈❛♥t❡s ✭à ✶❉✮ ✿
✶✳ ❖♥ ❞é♣♦s❡ ❧❛ t♦t❛❧✐té ❞❡ ❝❤❛r❣❡ ✭q✮ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ s✉r ❧❡ ♣♦✐♥t ❣r✐❧❧❡ ❧❡ ♣❧✉s ♣r♦❝❤❡✳
✷✳ ❙♦✐t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞❛♥s ❧❛ ❝❡❧❧✉❧❡ ❡st d = xpart −Xg ❡t ❧❛ t❛✐❧❧❡ ❞❡
❧❛ ❝❡❧❧✉❧❡ ❡st ∆✳ ❆❧♦rs ♦♥ ❛❥♦✉t❡ ✉♥❡ ❝❤❛r❣❡ (d/∆)q s✉r ❧❡ ♣♦✐♥t✲❣r✐❧❧❡ s✉♣ér✐❡✉r ❡t
♦♥ ❛❥♦✉t❡ −(d/∆)q s✉r ❧❡ ♣♦✐♥t✲❣r✐❧❧❡ ✐♥❢ér✐❡✉r✳
P❤②s✐q✉❡♠❡♥t✱ ❝❡tt❡ ♦♣ér❛t✐♦♥ ❝♦♥s✐st❡ à ❝♦♥s✐❞ér❡r ❞❡✉① ♣❛rt✐❝✉❧❡s ❞❡ ❝❤❛r❣❡s ❝♦♥tr❛✐r❡s✱
❡s♣❛❝é❡s ❞❡ 2d ❛✉t♦✉r ❞✉ ♣♦✐♥t✲❣r✐❧❧❡ ❧❡ ♣❧✉s ♣r♦❝❤❡✳ ▲❡ s✉♣♣♦rt ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✈✐s✲à✲✈✐s
❞❡ ❧❛ ❣r✐❧❧❡ ❡st ❞♦♥❝ à ✸ ♣♦✐♥ts ❣r✐❧❧❡ ✭✶❉✮✳
▲❡ ❝♦✉r❛♥t ❡st ❞é♣♦sé ❞❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡✱ s❛✉❢ q✉❡ ❧❡s t❡r♠❡s q s♦♥t r❡♠♣❧❛❝és ♣❛r
qvi✳ ❈❡tt❡ ❞é♣♦s✐t✐♦♥ ♥✬❡st ♣❛s ❝♦♥s❡r✈❛t✐✈❡ ❡t ✉♥❡ rés♦❧✉t✐♦♥ ❡①♣❧✐❝✐t❡ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡
▼❛①✇❡❧❧✲P♦✐ss♦♥ ❡st ♥é❝❡ss❛✐r❡ ❛✜♥ ❞❡ s❛t✐s❢❛✐r❡ ❧❛ ❝♦♥❞✐t✐♦♥ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❝❤❛r❣❡✳
❇✳✺ ❱❡rs✐♦♥ ❜♦r♥é❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❝❤♦❝s
P❛r ❞é❢❛✉t✱ ❧❡ ❝♦❞❡ ❛❞♦♣t❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s ♣ér✐♦❞✐q✉❡s✳ ❈❡❝✐✱ ❝❛r ❧❡s ❝❤❛♠♣s
s♦♥t ❝❛❧❝✉❧és ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡ ❋♦✉r✐❡r✳ ❈❡ t②♣❡ ❞❡ ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s s✬❛✈èr❡ très
♣r❛t✐q✉❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡s ✐♥st❛❜✐❧✐tés ♣❧❛s♠❛ ♦✉ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞✬♦♥❞❡s✳ ❚♦✉t❡❢♦✐s✱ ♣♦✉r
ét✉❞✐❡r ✉♥❡ ♦♥❞❡ ❞❡ ❝❤♦❝ ❧❛ ❜r✐s✉r❡ ❞❡ ♣ér✐♦❞✐❝✐té ❡st r❡q✉✐s❡ ✭❡✳❣✳ ✉♥❡ ♣❛rt✐❝✉❧❡ q✉✐ s♦rt
❞❡ ❧❛ ❜♦✐t❡ ❞✉ ❝ôté ❛♠♦♥t ❞✉ ❝❤♦❝ ♥❡ ❞♦✐t ♣❛s r❡♥tr❡r ❞✉ ❝ôté ❛✈❛❧ ❝❛r ❧❡s ❝♦♥❞✐t✐♦♥s
♣❤②s✐q✉❡s ② s♦♥t ❞✐✛ér❡♥t❡s✮✳ P♦✉r ❝❡tt❡ r❛✐s♦♥ ❧❛ t❡❝❤♥✐q✉❡ s✉✐✈❛♥t❡ ❡st ❛♣♣❧✐q✉é❡ ✿ ♦♥
♣♦s❡ à ❧✬✐♥tér✐❡✉r ❞❡ ❧❛ ❜♦ît❡ ❞❡✉① ♠✉rs ré✢é❝❤✐ss❛♥ts ♣♦✉r ❧❡s ♣❛rt✐❝✉❧❡s ❡t ❧❡s ❝❤❛♠♣s
s❡ ♣r♦♣❛❣❡♥t ❧✐❜r❡♠❡♥t ❞❛♥s ❧❡s ♣❛rt✐❡s ✈✐❞❡s ❞❡ ❧❛ ❜♦ît❡ t♦✉t ❡♥ ét❛♥t ❛♠♦rt✐s à ❧✬❛✐❞❡
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ABSTRACT
The physics of instabilities in the precursor of relativistic collisionless shocks is of broad im-
portance in high energy astrophysics, because these instabilities build up the shock, control
the particle acceleration process and generate the magnetic fields in which the accelerated
particles radiate. Two crucial parameters control the micro-physics of these shocks: the mag-
netization of the ambient medium and the Lorentz factor of the shock front; as of today, much
of this parameter space remains to be explored. In the present paper, we report on a new in-
stability upstream of electron-positron relativistic shocks and we argue that this instability
shapes the micro-physics at moderate magnetization levels and/or large Lorentz factors. This
instability is seeded by the electric current carried by the accelerated particles in the shock
precursor as they gyrate around the background magnetic field. The compensation current
induced in the background plasma leads to an unstable configuration, with the appearance
of charge neutral filaments carrying a current of the same polarity, oriented along the per-
pendicular current. This “current-driven filamentation” instability grows faster than any other
instability studied so far upstream of relativistic shocks, with a growth rate comparable to the
plasma frequency. Furthermore, the compensation of the current is associated with a slow-
down of the ambient plasma as it penetrates the shock precursor (as viewed in the shock rest
frame). This slow-down of the plasma implies that the “current driven filamentation” instabil-
ity can grow for any value of the shock Lorentz factor, provided the magnetization σ . 10−2.
We argue that this instability explains the results of recent particle-in-cell simulations in the
mildly magnetized regime.
Key words: Acceleration of particles – Shock waves
1 INTRODUCTION
The physics of particle acceleration at relativistic collisionless
shock waves plays a key role in the description of a number of
powerful astrophysical objects, e.g. blazars, pulsar wind nebulae,
gamma-ray bursts etc. One of the lessons learned in the past decade
in this field of research, is the importance of the non-linear relation-
ship that ties the acceleration process and the generation of micro-
turbulence in the shock vicinity. It was anticipated early on that the
self-generation of micro-turbulence on length scales much smaller
than the gyroradius of the accelerated particles is a necessary con-
dition for the proper development of the relativistic Fermi process
(Lemoine et al. 2006), in agreement with test particle Monte Carlo
simulations (Niemiec et al. 2006). This small-scale nature of the
turbulence comes with a number of important consequences, most
⋆ e-mail:lemoine@iap.fr
† e-mail:guy.pelletier@obs.ujf-grenoble.fr
‡ e-mail:laurent.gremillet@cea.fr
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notably the limited maximal energy of particles accelerated at ultra-
relativistic shock waves, e.g. Kirk & Reville (2010), Bykov et al.
(2012), Plotnikov et al. (2013a).
The particle-in-cell (PIC) numerical simulations of
Spitkovsky (2008a,b) have confirmed the validity of these ar-
guments and offered a more exhaustive picture of the acceleration
process in the ultra-relativistic unmagnetized limit. These simu-
lations have shown that the accelerated (supra-thermal) particle
population excites filamentation instabilities upstream of unmag-
netized shock waves (meaning, shock waves propagating in an
unmagnetized medium), see also Nishikawa et al. (2009); these
instabilities build up a magnetic barrier on plasma scales c/ωp and
at the same time serve as scattering centers for the acceleration
process. As the magnetic field energy density grows to an equipar-
tition fraction ǫB ∼ 10−1 (ǫB denotes the fraction of incoming
kinetic energy flux in the shock front rest frame stored in magnetic
energy), incoming particles can be isotropized on a coherence
length scale of the order of ∼ 10c/ωp, thereby initiating the
shock transition. The gyroradius of accelerated particles remains
larger than this length scale and the Fermi acceleration process
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develops as anticipated. These simulations have been confirmed,
and followed by further PIC simulations with different conditions,
in particular regarding the degree of magnetization of the upstream
(background) plasma, the obliquity of the magnetic field and the
nature (pairs vs electron-proton) of the incoming flow (e.g. Keshet
et al. 2009, Martins et al. 2009, Sironi & Spitkovsky 2009, 2011,
Haugbølle 2011, Sironi et al. 2013).
The physics of the electromagnetic instabilities that lead to
the formation of a ultra-relativistic collisionless shock and to the
self-sustainance of the shock have naturally received a lot of at-
tention: e.g. Hoshino & Arons (1991), Hoshino et al. (1992) and
Gallant et al. (1992) for magnetized shock waves; for weakly mag-
netized shock waves, see e.g. Medvedev & Loeb (1999), Wiersma
& Achterberg (2004), Lyubarsky & Eichler (2006), Milosavljevic´
& Nakar (2006), Achterberg & Wiersma (2007), Achterberg et al.
(2007), Pelletier et al. (2009), Lemoine & Pelletier (2010, 2011),
Bret et al. (2010), Rabinak et al. (2011) and Shaisultanov et al.
(2012). To summarize in a few lines the current understanding,
the Weibel/filamentation instability appears to play a leading role
in the generation of the small-scale magnetic field in the weakly
magnetized shock limit, although electrostatic oblique modes and
Buneman modes retain their importance in pre-heating the elec-
trons away from the shock front; see the discussion in Lemoine
& Pelletier (2011). At strongly magnetized shock waves, the syn-
chrotron maser instability is recognized as the leading agent of dis-
sipation, e.g. Hoshino & Arons (1991), Hoshino et al. (1992) and
Gallant et al. (1992).
However, at intermediate magnetizations and/or very large
Lorentz factors, the physics remains poorly known. Indeed, the fila-
mentation instability and other two stream modes cannot be excited
in these regions of parameter space, because the timescale on which
the incoming particles cross the precursor becomes shorter than the
timescale on which such instabilities can be excited (Lemoine &
Pelletier 2010, 2011). Therefore, how the shock is structured in
such conditions remains an open question.
Following up on Lemoine et al. (2013), we report here on a
new current-driven instability which is likely to emerge as the dom-
inant instability in this range of magnetization and at very large
Lorentz factors. The electric current is carried by the suprather-
mal particles (or shock reflected particles) and results from their
gyration in the background magnetic field: assuming that the mag-
netic field is oriented along the z axis, while the incoming plasma
flows along −x in the shock rest frame, the current is gener-
ated along −y, since the Lorentz force deflects positive and neg-
ative suprathermal particles in opposite directions. As the ambient
plasma penetrates the precursor, it develops a compensating cur-
rent along+y. This configuration is found to be unstable, because
a current fluctuation can couple to a density fluctuation and excite
a combination of extraordinary modes and compressive modes of
the ambient plasma. This will be made explicit further on.
As viewed from the rest frame of the ambient plasma, this
perpendicular electric current is extraordinarily large: if one writes
ξcr the fraction of incoming kinetic energy flux carried by the
suprathermal particles (with ξcr ∼ 0.1 indicated by PIC simula-
tions), γsh ≫ 1 the Lorentz factor of the shock wave in the ambi-
ent plasma frame and nu the proper density of the ambient plasma,
the induced current reads jy,cr ∼ γshξcrnuec. For γshξcr & 1,
as expected in ultra-relativistic shocks, this current cannot be com-
pensated by the ambient plasma at rest. As we will demonstrate,
the latter is actually accelerated to relativistic velocities relatively
to its initial rest frame and it is squashed to an apparent density
∼ γshξcrnu in the frame in which there is no bulk motion along
x
y
z
B
E
jy,cr
precursor
incoming
incoming
e+
e-
Figure 1. Sketch of the precursor of a relativistic magnetized pair shock,
as viewed in the shock front rest frame. The reflected/shock-accelerated
suprathermal particles (in red and blue) gyrate in the background magnetic
field and accelerate parallel to the convective electric field, thereby generat-
ing a net perpendicular current jy,cr. The incoming plasma must compen-
sate this current as it penetrates the precursor.
x (denotedR in the following); then, particle motion at relativistic
velocities along y leads to current compensation.
In this work, we focus on an electron-positron shock; in
electron-ion shocks, a similar current develops but excites other
modes, in particular Whistler waves. This case will be discussed
in a forthcoming paper. In Section 2, we discuss the physics of the
instability at the linear level, using a relativistic two fluid model
for the ambient plasma. In Section 3, we discuss the relevance of
this instability in relativistic collisionless shocks and compare it to
results of recent PIC simulations. We discuss the structure of the
precursor in Appendix A and provide conclusions in Sec. 4.
2 CURRENT-DRIVEN FILAMENTATION INSTABILITY
We describe the shock precursor as follows, in the shock front
frame. The incoming plasma flows with 4-velocity ux < 0, car-
rying magnetic field B = Bz z and convective electric field
E = γshβshBu y, with βsh < 0 the velocity of the incoming
background plasma in the shock rest frame in units of c, i.e. γsh ≡`
1− β2sh
´−1/2
. In principle, Bz depends on x, while Bu corre-
sponds to the upstream magnetic field measured in the upstream
rest frame well beyond the precursor. The precursor also contains a
population of suprathermal particles, which rotate around B and
thereby induce a current along y, jcr ∼ −γshξcrnuecy. The
spatial profile of this current and the overall structure of the pre-
cursor are described in detail in App. A; Fig. 1 offers a sketch
of the precursor. The typical size of the precursor is c/ωc, with
ωc = eBu/(mc) the upstream cyclotron frequency; this size also
corresponds to the typical gyration radius rL of the suprathermal
particles in the shock front rest frame, whose typical Lorentz factor
∼ γsh.
As the incoming particles cross the precursor, they are de-
flected along y in order to compensate the cosmic ray perpendicular
current. Positrons drift towards +y while electrons drift towards
−y. The absolute value of the 4-velocity y−component for both
c© 2013 RAS, MNRAS 000, 000–000
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fluids is equal, |uy| ∼ γshξcr (in units of c), hence |uy| & 1 is
expected for relativistic shocks, possibly |uy| ≫ 1.
The deflection of the incoming flow along y implies a sub-
stantial deceleration of the flow along x, which has drastic conse-
quences regarding the development of the instability. The profile of
the velocity of the flow is discussed in detail in App. A, but one can
apprehend this slow-down as follows: the total Lorentz factor of the
flow remains large, in particular the total 3-velocity |β| ∼ 1, up to
corrections of order γ−2sh ; however, a transverse velocity develops
with magnitude |βy| ≃ ξcr; the combination of these two facts im-
plies that βx deviates from unity by quantities of order γ
−2
sh or ξ
2
cr,
whichever is larger. In other words, assuming that γshξcr ≫ 1, as
expected in ultra-relativistic shocks, leads to |βx| ≃ 1− ξ2cr/2. If
γshξcr ≪ 1, βx remains unchanged compared to the asymptotic
value outside the precursor.
This is a quite remarkable feature: the compensation of the
current slows down the incoming plasma down to the (longitudinal)
velocity βx; thus, the R frame which corresponds to the instanta-
neous rest frame of the plasma, in which there is no bulk motion
along x, moves with velocity βR|sh = βx relative to the shock
front rest frame. At large values of the current, γshξcr ≫ 1, the
relative Lorentz factor between the R frame and the shock front
rest frame becomes of the order of 1/ξcr, independent of the far
upstream Lorentz factor. In this sense, the shock precursor plays
the role of a buffer, with important consequences for the physics of
the shock, discussed in Sec. 3.
The Lorentz factor that corresponds to the relative velocity
between this new rest frame R and the far upstream rest frame is
easily calculated and well approximated by:
γR|u ≃ max (1, γshξcr/2) . (1)
In the following, we analyze the evolution of the instability in
the linear regime by adopting a two-fluid description of the incom-
ing plasma, neglecting the response of the cosmic rays. The latter
assumption is discussed in Sec. 3. We write and solve the system in
the instantaneous rest frame R of the plasma, in which there is no
bulk motion alongx. In such a rest frame, the instability is expected
to be absolute (vs convective), provided the growth rate exceeds the
inverse crossing time of the precursor. In the R frame, ux|R = 0
(henceforth, all quantities concern the incoming plasma), but the
(unperturbed) background electric and magnetic fields read
Bz|R = γR|uBu, Ey|R = −γR|uβR|uBu . (2)
2.1 Linear analysis
For simplicity, we assume the plasma and the velocity profile to be
uniform throughout the precursor. It is possible to incorporate the
terms associated to the variation of the profile by writing the system
first in the shock front frame, then boosting it to the instantaneous
rest frame of the incoming plasma. The new terms that appear con-
tain spatial derivatives (along x) of the various unperturbed quanti-
ties. The typical magnitude of these inhomegeneous terms relative
to the other terms is of order ωc/ω in Fourier variables; therefore,
the above assumption will be justified provided |ω| ≫ ωc.
We perturb all variables of the incoming flow and the electro-
magnetic structure. The perturbed system then reads:
uµ±∂µ
„
δn±
n
«
+ ∂µδu
µ
± = 0
uµ±∂µδu
ν
± + β
2
s ∂
ν
„
δn±
n
«
= ± e
m
δuσ±F
ν
σ ± e
m
uσ±δF
ν
σ ,
(3)
together with the Maxwell equations. We have implicitly assumed
a cold background plasma limit, although we incorporate tempera-
ture effects through the sound velocity βs.
We recombine the two fluid variables δn± (the index refers to
the particle species) and δuµ± into:
1
δn ≡ δn+ + δn−
2
, δρ ≡ δn+ − δn−
2
(4)
δuµ ≡ δu
µ
+ + δu
µ
−
2
, ∆uµ ≡ δu
µ
+ − δuµ−
2
. (5)
Of course, to zeroth order, n− = n+ ≡ n, u0− =
u0+ ≡ u0, u+,y = −u−,y ≡ uy . Furthermore,`
uµ± + δu
µ
±
´
(u±µ + δu±µ) = −1 implies
δu0 = βyu
0∆uy , ∆u
0 = βyu
0δuy , (6)
with βy ≡ uy/u0. In theR frame, in which we are working here,
u0 = (1 + u2y)
1/2; therefore uy ∼ γshξcr ≫ 1 at large shock
Lorentz factors implies |βy| ∼ 1. In the limit γshξcr ≫ 1 (but
ξcr ≪ 1), the parameters γR|u/u0 ≃ 1/2 and βR|u ≃ 1.
The perturbed current δjµ = δjµ+ + δj
µ
− reads
δj0 = 2nec
`
∆u0 + u0δρ/n
´
, (7)
δjx = 2nec∆ux, (8)
δjy = 2nec
`
∆uy + βyu
0δn/n
´
, (9)
δjz = 2nec∆uz . (10)
We define the plasma frequency following: ω2p = ω
2
p+ +
ω2p− = 8πne
2/me, and the magnetization parameter:
σ =
B2u
8πnmec2
=
ω2c
ω2p
. (11)
The full dispersion relation is calculated from the linear sys-
tem discussed in App. B, by going through Fourier variables, then
taking the determinant of the matrix using the Mathematica pack-
age. This dispersion relation is too lengthy to be reported here.
However, it can be given in the following form in the 1D ap-
proximation ky = kz = 0, cold plasma limit βs = 0:
ω5 + iβR|uβyκωcω
4
− ˆk2xc2 + κ2ω2c + (1− β2y)ω2p˜ω3 − iβR|uβyκk2xc2ωcω2
+
`
κ2k2xc
2ω2c − β2yk2xc2ω2p − iκβ3ykxcωcω2p
´
ω
−iβR|uβ3yκk2xc2ωcω2p = 0
We recall here the definition κ ≡ γR|u/u0, see App. B. The
growth rate is represented as a function of kx for various values
of the parameters βy and σ in Fig. 2. The global trend that emerges
is a maximal growth rate
ℑω ∼ βyωp
`
kxc ∼ ωp, βy ≫
√
σ, βy ≫ βs
´
. (12)
The growth rate collapses as soon as one of the conditions indicated
in the brackets is no longer satisfied. The last condition βy ≫ βs is
typical of current-driven instabilities: as the temperature rises and
the thermal velocity exceeds the drift velocity, the instability disap-
pears. However, we do not expect this situation in ultra-relativistic
pair shocks with γshξcr ≫ 1, since βy ∼ 1 in that limit, while the
heating of the incoming flow inside the precursor remains limited
to sub-relativistic velocities, see e.g. Lemoine & Pelletier (2011)
for a discussion and Spitkovsky (2008a) for PIC simulations.
In the 2D ky = 0, cold plasma (βs = 0), and small current
1 We use a metric with signature (−,+,+,+).
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Figure 2. Growth rateℑω/ωp vs kxc/ωp for ky = kz = 0. In solid lines,
σ = 10−4, βs = 0 and from top to bottom, βy = 0.99 (red, corresponding
to uy = γshξcr ≃ 7.0), βy = 0.1 (blue, corresponding to γshξcr = 0.1),
and βy = 0.03 (orange, γshξcr = 0.03). In dashed lines, same as above
for σ = 10−2 (the growth is strongly suppressed for βy = 0.03 in this
case).
limit (ξcrγsh ≪ 1, in which case βR|u ∼ 0 and u0 ∼ 1), the
dispersion relation also reduces to the compact form:
ω6 − ω4 `ω2p + ω2c + k2xc2 + k2zc2 − β2yω2p´
+ω2
ˆ
(k2x + k
2
z)c
2ω2c − β2y(k2x + k2z)c2ω2p − iβ3ykxcω2pωc
˜
+β2yk
2
zc
2ω2cω
2
p = 0 . (13)
In this limit, the instability can be shown to result from a coupling
between the high frequency branch of the extraordinary mode with
the acoustic mode, as discussed in the following Sec. 2.2.
We now present numerical solutions of this dispersion relation
in the various 2D planes: (kx, kz) in Fig. 3 assuming ky = 0;
(kx, ky) in Fig. 4 assuming kz = 0; and (ky, kz) in Fig. 5 assuming
kx = 0.
The global trend that emerges from these numerical simula-
tions is, here as well, a maximum growth rate of order βyωp at
wavenumbers ∼ ωp, provided the thermal dispersion velocity βs
remains much smaller than the drift velocity βy .
2.2 Interpretation and analytical approximations
The above instability can be best understood in the limit ky = 0,
in the non-relativistic regime βy ≪ 1, which formally corre-
sponds to γshξcr ≪ 1. In this limit, one can neglect the accel-
eration of the plasma relative to the far upstream, βR|u ∼ 0, so
that the convective electric field can be neglected; furthermore,
κ = γR|u/u
0 ∼ 1. Although relativistic shock waves should
rather lead to γshξcr & 1, we find little difference in the growth
rate between the above approximation and the numerical calcula-
tion, suggesting that it remains a good approximation.
In this βy ≪ 1 regime, the instability involves only velocity
fluctuations δux, δuz , a density fluctuation δn, and electromagnetic
perturbations δBx, δBz and δEy . One then finds that a combina-
tion of the acoustic mode alongBz and the high frequency superlu-
minal branch of the extraordinary mode is destabilized by the drift
motion that results from the compensation of the current jy .
To see this, we use the perturbed y−component of the elec-
tromagnetic vector potential δAy and the displacement ξ of the
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Figure 3. Contour plot of log10 (ℑω/ωp) assuming ky = 0, for
γshuy = 7 (i.e. βy = 0.99), σ = 10
−3, βs = 0.
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Figure 4. Same as Fig. 3, in the plane (kx, ky), for kz = 0.
plasma. Maxwell equations then imply
c2∇ · ∇ δAy − ∂2t δAy + 4πcδjy = 0, (14)
with δjy = δj
(r)
y + δj
(c)
y , with the following notations:
δj(r)y ≡ 2e c n∆uy (15)
and
δj(c)y ≡ 2e c βy δn . (16)
Note the difference between∆uy and δuy , defined in Eq. (5). Note
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Figure 5. Same as Fig. 3, in the plane (ky , kz), for kx = 0. The growth
rate vanishes at large values of ky .
also that u0 ∼ 1 because we work here in the rest frame of the
ambient plasma under the approximation γshξcr ≪ 1.
The response current δj
(r)
y evolves according to the dynamical
equation:
∂tδj
(r)
y =
ω2p
4π
(δEy − δuxBu) (17)
The perturbed bulk velocity can be written: δu = ∂tξ, and δEy =
−∂tδAy/c. Thus we obtain the simple relation
δj(r)y = −
ω2p
4πc
(δAy +Buξx) . (18)
The dynamics of the center of mass is governed by a MHD-type
equation (with ρ = 2nm):
ρ∂tδu + ρc
2
s∇
δn
n
=
1
c
j × δB + 1
c
δj
(r) ×Bu , (19)
with of course, j ≡ 2necuy y. Note that δj(c) does not contribute
to the Lorentz force because the term in δn cancels out with the
equilibrium condition. Note also that δBx = −∂zδAy and δBz =
∂xδAy . In particular the x−component reads:
ρ∂2t ξx + ρc
2
s∂x
δn
n
=
1
c
jyδBz +
1
c
δj(r)y Bu , (20)
which can be rewritten as (introducing δA˜y ≡ δAy/Bu):
∂2t ξx + c
2
s∂x
δn
n
= ωcβyc∂xδA˜y − ω2c
“
δA˜y + ξx
”
. (21)
One can use also the z−component, however it turns out that the
equation for sound evolution is more convenient; we obtain it by
taking the divergence of the dynamical equation:
`
∂2t − c2s∆
´ δn
n
= ω2c∂x
“
δA˜y + ξx
”
− ωcβyc∆δA˜y . (22)
Therefore we have obtained three dynamical equations of second
order in time derivative that couple δAy , δn and ξx. Equation (14)
for δAy can be rewritten as
c2∆δA˜y − ∂2t δA˜y − ω2pδA˜y − ω2pξx +
ω2p
ωc
βy
δn
n
= 0 . (23)
This system leads to the following dispersion relation:ˆ
PX(ω
2)− β2yω2pk2c2
˜
ω2 + β2yω
2
pω
2
ck
2
zc
2
−k2c2s
»
PX(ω
2) +
k2x
k2
ω2c (ω
2 − k2c2)
–
= 0 (24)
with
PX(ω
2) ≡ ω4 − (ω2p + ω2c + k2c2)ω2 + ω2ck2c2 , (25)
and k2 = k2x + k
2
z ; PX(ω
2) = 0 gives the dispersion relation of
the extraordinary mode in the cold plasma limit.
This dispersion relation matches well Eq. (13) up to relativis-
tic corrections in βy . Let us discuss Eq. (24) in several limits of
interest.
2.2.1 Cold and weakly magnetized: β2s ≪ σ ≪ 1
Let us analyze the instability in the cold plasma limit, and at small
values of σ, however not necessarily smaller than β2y when this
parameter is small. The dispersion relation reduces to:
PX(ω
2)− ω2pk2β2yc2 = 0 . (26)
This leads to a negative root in ω2:
ω2− = −(β2y − σ)ω2p F (k2δ2) , (27)
with δ ≡ c/ωp, and
F (k2δ2) =
2k2δ2
1 + k2δ2 +
ˆ
(1 + k2δ2)2 + 4(β2y − σ)k2δ2
˜1/2 .
(28)
In the latter expression, the contribution of σ must be kept when it
is no longer negligible compared to β2y . For k
2δ2 ≪ 1, F (k2δ2) ≃
k2δ2 and
ω2− ≃ −ω2p(β2y − σ)k2δ2 . (29)
For k2δ2 ≫ 1, F (k2δ2) ≃ 1 and
ω2− ≃ −ω2p(β2y − σ) ; (30)
which gives the maximum growth rate. Clearly the instability oc-
curs at low magnetization, precisely when σ < β2y , in very good
agreement with the analysis of the previous Section.
2.2.2 Long wavelength modes, k2δ2 ≪ 1 and finite σ
In this limit k2δ2 ≪ 1, we find
ω2− ≃ −βyω2p
r
σ
1 + σ
kzδ ; (31)
i.e. a growth rate for small σ
ℑω ≃
p
ωckzβyc ; (32)
which extends previous results obtained in Pelletier et al. (2009)
and in Casse et al. (2013) in the MHD regime for similar configu-
rations; it thus indicates that this instability has a kinetic origin and
that the MHD solution describes its long wavelength behaviour.
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2.2.3 Warm plasma with σ ≪ β2s
From the general dispersion relation we find:
ω2− = −ω2p
ˆ
β2y − β2s (1 + k2δ2)
˜
Fs(k
2δ2, βs) , (33)
where
Fs(k
2δ2, βs) = 2k
2δ2

1 + (1 + β2s )k
2δ2
+
»ˆ
1 + (1 + β2s )k
2δ2
˜2
+4(β2y − β2s (1 + k2δ2)k2δ2)
–1/2ﬀ−1
,(34)
which can be well approximated by
Fs(k
2δ2) ≃ k
2δ2
1 + k2δ2
, (35)
The main conclusion is that temperature effects quench the insta-
bility when βs & βy , as reported in the previous Section.
2.3 Description and evolution
The instability presents the character of a common current instabil-
ity that is triggered when the drift velocity is larger than the sound
velocity and also the character of a Weibel type electromagnetic
instability when the threshold is strongly overstepped. The growth
rate can reach values as large as ωp and makes the instability faster
than all instabilities previously studied, including the filamentation
instability triggered by the reflected particles (ℑω ≃ √ξcrωp), the
oblique two stream instability (ℑω ≃ ξ1/3cr ωp) etc.
We find that this instability is quenched at high temperatures,
when βy . βs ∼
p
kT/mc2. However, in the precursor of rel-
ativistic shocks, one expects βy ∼ 1 and for pair shocks, the
preheating inside the precursor remains moderate. Therefore, such
temperature effects are not expected to contribute strongly.
In the 2D setting ky = 0, this instability leads to filamentation
of the plasma in a way similar to the standard Weibel-filamentation
instability, with some noticeable differences. In particular, the cur-
rent perturbation is here produced by a global charge neutral den-
sity variation, δj
(c)
y = βyδnec, not by a charge perturbation as
in the Weibel/filamentation instability. This density variation is it-
self produced by the compression effect associated to the Lorentz
force, derived from the drift βy . In contrast, the perturbed current
in the Weibel/filamentation instability δj(w) = βwδρ ec, with βw
the drift velocity of two e− counterstreaming beams (assuming that
charge neutralization is ensured, e.g. by ions) and δρ e the charge
perturbation (as before). The Lorentz force then couples this charge
perturbation to the electromagnetic potential through
∂2t δρ = −βw
ω2p
4πec
∆δAy . (36)
In this counterstreaming (symmetric) situation, the Weibel instabil-
ity gives rise to small scale magnetic perturbations with a growth
rate similar to that of the current-driven filamentation instability.
The difference pointed above, namely charge perturbation vs den-
sity perturbation, brings in a major difference between these two in-
stabilities, which is related to the polarity of the current filaments.
While in the Weibel instability, the counterstreaming beams con-
tain particles of similar charge, which thus deviate in a perturbed
magnetic field in different directions to form filaments of opposite
current, in the current-driven filamentation instability, the beams
contain particles of opposite charge, which thus deviate in the same
B B B
e+
jy
e+
e- e-
jy
e+
e- e-
jy
e+
e- e-
x
y
z
Figure 6. Sketch of the development of the current-driven filamentation
instability in 1D, with a perturbation along x. The current carried by the
suprathermal particles, oriented along −y, is not indicated here. Electrons
and positrons of the ambient plasma flow in opposite directions to compen-
sate this current; if present, a magnetic fluctuation along z leads to den-
sity enhancements along filaments, thereby creating a current perturbation
which feeds back positively on the magnetic fluctuation.
direction and create filaments with a current oriented in the same
direction, i.e. so as to compensate the current of the suprathermal
particles. This picture is sketched in Fig. 6. Current driven filamen-
tation is thus subject to coalescence and reconnection. The non-
linear evolution of this instability will be addressed in a forthcom-
ing study (Plotnikov et al. 2013b).
3 DISCUSSION
In our treatment of the instability, we have neglected the response
of the plasma of suprathermal particles. This choice is dictated by
simplicity, as including the response involves doubling the number
of fluid variables, which renders the problem untractable. However,
one should expect this approximation to be valid at maximal growth
rate, since ℑω then becomes larger than the plasma frequency of
the suprathermal particles, ωpb = ξ
1/2
cr ωp, with ωp the plasma fre-
quency of the ambient (upstream) plasma.
3.1 Relevance to relativistic shocks
Let us now discuss why the current-driven filamentation instability
is likely to play a central role in shaping the precursor, the shock
and the acceleration process in the relativistic mildly magnetized
regime.
Advection through the shock front provides a crucial limita-
tion for the growth of instabilities upstream of a relativistic shock
front. In the upstream plasma rest frame, this can be understood
as follows: the precursor extends at most to a distance c/(γshωc)
(e.g. Milosavljevic´ & Nakar 2006, Pelletier et al. 2009), because the
suprathermal particles only rotate by an amount 1/γsh before being
caught back by the shock front; this takes a time tu ∼ γshω−1c ,
but the distance between the shock front and the tip of this pre-
cursor does not exceed tu(1 − β2sh) ∼ tu/(2γ2sh). Therefore, as
measured in the upstream plasma rest frame (indicated by |u), any
instability whose growth rate ℑω|u . γshωc cannot grow on
the crossing time of the precursor. For the filamentation instabil-
ity, ℑω|u ∼ ξ1/2cr ωp, therefore the instability can grow only if
γ2shσξ
−1
cr . 1 (Lemoine & Pelletier 2010, 2011). This indicates
that mildly magnetized and/or large Lorentz factor shock waves
c© 2013 RAS, MNRAS 000, 000–000
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cannot be mediated by the Weibel-filamentation instability, as men-
tioned in the introduction.
The present current-driven filamentation instability modifies
this picture, because it grows faster than any of the other insta-
bilities discussed in the context of relativistic shocks, and mostly
because of the impact of the current on the incoming plasma in the
shock front frame: as discussed in App. A and Sec. 2, if γshξcr &
1, the upstream cannot compensate the current at rest; it is therefore
accelerated along x to a Lorentz factor γR|u ∼ γshξcr/2 in the
upstream rest frame, and its apparent density increases by a similar
amount. In the shock front frame, the incoming plasma is slowed
down to velocities βx,in ∼ −(1 − ξ2cr/2), which means that the
rest frame of the plasma effectively moves with a Lorentz factor
(along−x): γR|sh ∼ 1/ξcr. This change of rest frame, relative to
far infinity, strongly modifies the criterion under which the insta-
bility has or does not have time to grow. In theR frame, which de-
fines the rest frame of the background plasma after its acceleration
phase, the shock front moves with a Lorentz factor γR|sh, therefore
the precursor size extends to c/
`
γR|shωc
´
and the timescale for a
plasma mode to cross this precursor now reads
tx|R ≃ 1
γR|sh|βR|sh|ωc , (37)
so that the instability can grow whenever ℑω tx|R & 1, or
σ . ξ2cr , (38)
For typical values ξcr ∼ 0.1, this implies that growth is possible
up to magnetization levels σ ∼ 10−2, irrespective of the Lorentz
factor of the shock. The latter point is of importance, because it
guarantees the growth of instabilities at large γsh, for which the
precursor becomes very short in the upstream rest frame. This result
appears compatible with recent PIC simulations, as we argue in
Sec. 3.3.
Once micro-turbulence grows upstream of a relativistic colli-
sionless shock, one may expect the Fermi process to develop (e.g.
Lemoine et al. 2006, Niemiec et al. 2006) although how well it de-
velops depends on the relative efficiency of scattering in the micro-
turbulence relatively to advection in the large scale field (Pelletier
et al. 2009, Lemoine & Pelletier 2010). To discuss this on quantita-
tive grounds, we write the scattering frequency in the downstream
rest frame
νs ∼ cλδB/r2g ∼ ǫB,d (λδBωp/c) ωp , (39)
ǫB,d denoting an average value of the equipartition fraction of the
magnetic field downstream of the shock, λδB representing the co-
herence length of the field; the above equation holds for typical
supra-thermal particles of Lorentz factor γsh in the downstream
frame. As discussed in Lemoine & Pelletier (2010), scattering beats
advection, hence the Fermi process develops, when
νs ≫ ωc ⇔ σ ≪ ǫ2B,d (λδBωp/c)2 . (40)
PIC simulations suggest ǫB,d ∼ 0.01 and λδB ∼ 1 − 10c/ωp
with some degree of uncertainty. Nevertheless, the above result in-
dicates that the current driven instability that we are discussing here
must also play a key role in the switch-on of the Fermi process, by
building up the micro-turbulence for any value of the shock Lorentz
factor, up to magnetization levels as high as σ . 10−2.
3.2 current-driven instability vs Weibel/filamentation
At very low magnetization levels, one must expect this current-
driven filamentation to gradually disappear, once the other more
standard (Weibel-filamentation, two stream etc.) instabilities can
grow. To see this, consider the extreme σ → 0 limit: the
Weibel/filamentation instability then grows, excites turbulence
which scatters the suprathermal particles; since this turbulence has
no preferred direction in the tranverse plane (y, z), no net perpen-
dicular current arises and current-driven filamentation does not take
place.
At finite magnetization, the average current does not vanish,
but it may be randomized by the micro-turbulence. This effect
has not been taken into in the present calculations, which work
at linear order. In order to quantify the magnitude of the back-
reaction of the turbulence on the particle trajectories, one must
compare the upstream residence time derived under the assump-
tion that microturbulence controls the scattering process with that
derived assuming a coherent gyration in the background field. Fur-
thermore, this comparison must be made upstream, in the proper
frame of the micro-turbulence. In what follows, we assume that
this frame corresponds to R. In this R frame, the turbulent mag-
netic field strength δBR ≃ δB/γR|sh relatively to that mea-
sured in the shock front; similarly, the typical Lorentz factor of a
supra-thermal particle can be written γR ≃ γR|shγsh; the back-
ground field has a strength Bz|R ≃ γR|uBu (see Eq. 1). In this
R frame, return to the shock takes place once the particle has
been scattered by an angle δθR ∼ 1/γR|sh (see the discussion in
Milosavljevic´ & Nakar 2006, Plotnikov et al. 2013a). If the supra-
thermal particles gyrate coherently in the background electromag-
netic field, return occurs on a timescale trω|R ∼ δθR/ωR, with
ωR ≃
`
γR|u/γR
´
ωc. If micro-turbulence controls the scattering
with scattering frequency νs|R ∼ cλδB|R/r2g|R, return takes place
on a timescale trν|R ∼ δθ2R/νs|R. Comparing the two timescales
leads to a critical magnetization level:
σc ∼ ξ2cr ǫ2B,u
`
λδB|Rωp/c
´2
. (41)
The quantity ǫB,u denotes the typical level of micro-turbulence,
usptream of the shock, as measured in the shock front frame. The
factor ξcr appears in this formula because the comparison has been
made in theR frame. If the upstream magnetization σ . σc, then
micro-turbulent scattering efficiently randomizes the trajectories in
the shock front plane, hence the perpendicular current as well. Con-
versely, if σ & σc, the return trajectories maintain their coherence,
hence the current-driven instability develops efficiently.
An interesting question is what happens at large Lorentz fac-
tors and low magnetization levels σ ≪ σc, where feedback from
the turbulence should not be neglected, but where the Weibel-
filamentation instability does not have time to grow (in the absence
of slow-down of the plasma, see below). This area of parameter
space corresponds to σγ2shξ
−1
cr & 1 and σ . σc. Our analysis
suggests that the current-driven instability must develop at the tip
of the precursor, where the turbulence is sufficiently weak that its
back-reaction can be neglected. Furthermore, the deceleration of
the plasma, which results from current compensation, now allows
the Weibel/filamentation instability to grow: Eq. 37 indicates that
growth becomes possible in the R frame whenever σ . ξ3cr. This
instability may then step over closer to the shock front, where the
back-reaction of the turbulence strongly randomizes the return tra-
jectories of the supra-thermal particles.
Nevertheless, one expect the precursor to be shaped by the size
c/ωc if the current-driven instability shapes the precursor, or even
the tip of the precursor: beyond that length scale, the turbulence
must die away quickly, because the plasma has not yet slowed down
and instabilities cannot grow there; inside the precursor, one may
expect some form of equilibrium to be reached between the level
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of the turbulence, the slow-down of the plasma and the growth rate
of the instabilities. Its detailed study lies beyond the present work.
This description contrasts with what one expects in the re-
gion of parameter space in which the Weibel-filamentation insta-
bility can grow without the slow-down imposed by the current, i.e.
σγ2shξ
−1
cr . 1 and σ ≪ 10−5. There, as discussed above, the cur-
rent is mostly randomized by the near isotropicity of the trajectories
of suprathermal particles in the shock front plane. In this limit, the
precursor extends to a scale ǫ−1B (λδBωp/c)
−1 c/ωp, smaller than
c/ωc, since the return of suprathermal particles is controlled by
the scattering in the small-scale turbulence (Milosavljevic´ & Nakar
2006, Pelletier et al. 2009). This situation actually matches the un-
magnetized shock limit; hence, one may expect to find a universal
precursor profile, independent of the magnetization parameter. The
detailed discussion of the profile in this regime is also left open for
further study.
3.3 Comparison to PIC simulations
Particle-in-cell simulations offer valuable tools to probe the physics
of relativistic collisionless shock waves. So far, most studies have
discussed the unmagnetized or strongly magnetized limit and few
have addressed the mild magnetization regime, of interest here. We
thus confront our findings to the recent simulations of Sironi et
al. (2013), which have explored the regime of moderate magne-
tizations σ = 10−4 → 10−2 at various shock Lorentz factors
γsh = 5 → 200. Such simulations are performed in the down-
stream plasma rest frame, which does not differ much from the
shock rest frame. In this rest frame, the slow-down of the plasma
along x is difficult to measure, because the relative modification of
ux,in is only of order ξcr, see App. A.
However, their Fig. 7 is particular interesting, because it re-
veals a precursor whose profile does not depend on σ, provided
one rescales the distances by σ1/2 = ωc/ωp, i.e. provided the dis-
tances are expressed in units of c/ωc. It is actually possible to infer
directly from their figure the typical scale height of the precursor,
∼ 2c/ωc, with a rough exponential dependence. For the parame-
ters probed in this figure, γsh = 21 (=
√
2γ0 with their γ0 = 15)
and σ = 10−4 → 10−3, the Weibel-filamentation instability can-
not grow without the slow-down of the plasma imparted by the
current-driven filamentation. Therefore these simulations directly
probe the region of parameter space discussed above, in which the
current-driven filamentation instability plays the central role. The
structure of the precursor conforms well to the expectations, with a
size ∼ c/ωc.
In their Fig. 5, these authors show the magnetic structure of
the precursor in 3D simulations for similar parameters; the mag-
netic field appears to be structured in sheets parallel to the x − y
plane rather than filaments oriented along x, which would be ex-
pected for a standard Weibel/filamentation instability. Finally, they
report no dependence on the shock Lorentz factor, whereas a rather
strong dependence is expected if the Weibel-filamentation instabil-
ity alone shapes the precursor: as the line σγ2shξ
−1
cr = 1 is crossed,
one expects to transit in a region in which the Weibel-filamentation
instability can no longer grow. This independence relative to the
Lorentz factor directly results from the slow-down imposed by the
current compensation in the γshξcr ≫ 1 limit: inside the precur-
sor, everything happens as if the shock were moving relative to up-
stream with the Lorentz factor γR|sh ∼ 1/ξcr, so that all memory
of the initial γsh is lost.
These trends strongly suggest that the present current-driven
filamentation instability shapes the precursor and the shock of
weakly magnetized (σ ≪ 1) relativistic shock waves.
Finally, the picture that we have elaborated in Sec. 3.1 also
allows to understand, at least qualitatively, the results of Sironi et
al. (2013) concerning the development of Fermi acceleration. Their
simulations indicate that Fermi acceleration develops for any value
of the shock Lorentz factor, for magnetization levels σ . 10−5.
This conforms well with Eq. 40 and the discussion in Lemoine &
Pelletier (2010). There, current-driven filamentation can grow, irre-
spectively of the shock Lorentz factor; it builds up turbulence and,
because σ . 10−5, scattering in the micro-turbulence downstream
of the shock front beats advection, hence the Fermi process devel-
ops. At larger values of σ, the same simulations indicate that Fermi
acceleration develops in a restricted dynamic range, with a maxi-
mum energy scaling as σ−1/4. Eq. 40, taken at face value, would
indicate that Fermi acceleration should not develop in this limit.
However, this argument assumes a homogeneous micro-turbulence
downstream of the shock, of strength ǫB,d, whereas the micro-
turbulence seen in PIC simulations actually decreases away from
the shock front. If the law of evolution of ǫB were known, one
could improve on Eq. 40 by comparing the scattering time in this
evolving micro-turbulence and the gyration time in the background
field. In the absence of such a well-defined law, one can neverthe-
less understand on a qualitative level the scaling of the maximal
energy: as the magnetization increases beyond 10−5, the condition
σ . ǫ2B,d remains true only in a finite layer close to the shock
front; since the scattering length-scale evolves as the square of the
particle energy, the restricted size of this layer leads to the existence
of a maximal energy. Let us note, that if this layer were of infinite
extent, there would nevertheless be a maximal energy, scaling as
σ−1/2, as dicussed in Pelletier et al. (2009).
3.4 Consequences
The above discussion directly impacts our understanding of shock
structuration and of particle acceleration. For instance, Sironi et al.
(2013) argue that in front of the shock, there exists a layer of size
∼ c/ωc filled with Weibel turbulence at a level ǫB ∼ 10−2; this
observation is based on the simulations reported above, in the range
σ = 10−4 → 10−2. According to the above discussion, this layer
actually reflects the constrained growth of current-driven filamenta-
tion and Weibel- filamentation instabilities in the precursor, whose
size is set by the current profile, which extends on c/ωc, and the
turbulence is not of Weibel origin.
These authors then extrapolate their results to the regime of
low magnetization σ ≪ 10−5 to discuss the maximal energy of
particles accelerated at relativistic shocks. The above arguments in-
dicate that such an extrapolation is not justified, because the physics
of the precursor are likely to change as one transits from the re-
gion controlled by the current-driven filamentation instability to
that controlled solely by the Weibel-filamentation mode. In par-
ticular, as σ → 0, the diverging scale c/ωc must decouple and
one expects the precursor profile to be entirely controlled by the
micro-turbulence, as in the unmagnetized limit. The above dis-
cussion indicates that this transition takes place close to the line
σγ2shξ
−1
cr ∼ 1 and σ ∼ 10−5 to 10−4; for γsh = 21 as used
in these simulations, both limits reduce to the latter σ ∼ 10−5 to
10−4.
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4 CONCLUSIONS
This work reports on a new current-driven filamentation instability
usptream of a magnetized relativistic collisionless shock front. As
viewed in the shock front frame, the suprathermal particles, which
are reflected on the shock front, or accelerated at the shock, gy-
rate around the perpendicular magnetic field in the shock precursor,
thereby depositing a strong current jcr ∼ ξcrγsh nu e c, which is
both perpendicular to the magnetic field and to the shock normal.
As the incoming plasma enters the precursor, it seeks to compensate
this current within a few skin depth scales. If ξcrγsh & 1, which is
a likely situation for highly relativistic shocks, the incoming plasma
cannot compensate this current in the upstream rest frame; it is thus
accelerated to a large Lorentz factor ∼ ξcrγsh/2 (relative to far
upstream), which increases the apparent density of the plasma by
a similar factor; particles then drift at relativistic velocities in the
perpendicular direction to achieve current compensation, electrons
and positrons drifting in opposite directions. In the shock front rest
frame, the incoming plasma is decelerated along the shock normal
at the same time as it is accelerated in this perpendicular direction.
As we have argued, this current destabilizes a combination of
the high frequency branch of the extraordinary mode and of the
acoustic mode along the magnetic field. In a 2D configuration, in
which one neglects perturbations along the direction of the current,
this instability bears some resemblance to the Weibel-filamentation
instability. However, in the present case, the electromagnetic per-
turbation couples to a density fluctuation, not to a charge fluctu-
ation, because the counterstreaming electrons and positrons carry
opposite charges. This leads to the formation of current filaments
of a same polarity, all currents being oriented so as to compensate
the cosmic ray current induced in the precursor. We find that this
instability has a very fast growth rate, of order ℑω ∼ βy ωp on
skin depth scales, with βy ∼ 1 the drift velocity. This instabil-
ity is likely to play a key role in shaping the precursor of weakly
magnetized relativistic collisionless shocks, in which the growth of
other instabilities is very often impeded by the fast transit across
the precursor.
In particular, we have shown that this instability can grow at
any value of the Lorentz factor, provided the magnetization pa-
rameter σ . ξ2cr ∼ 10−2. The relative independence to the
Lorentz factor of the shock, which controls the size of the precur-
sor c/(γshωc) (upstream rest frame), stems from the deceleration
that the incoming plasma suffers inside the precursor: the relative
Lorentz factor between the shock front frame and the rest frame
of the plasma now falls to γR|sh ∼ 1/ξcr, independent of γsh.
In this picture, the shock foot plays the role of a buffer that trans-
forms the interaction with the fast incoming flow into a more mod-
erate regime, depending on the parameter ξcr, over a well defined
distance ξcrc/ωc (in the instantaneous rest frame of the incoming
plasma).
In previous studies, we have argued that the filamentation,
oblique two stream modes etc., can grow only at small values of
σ and moderate values of γsh, e.g. such that σγ
2
shξ
−1
cr . 1 for
the Weibel-filamentation mode (Lemoine & Pelletier 2010, 2011).
Otherwise, the incoming plasma transits faster across the precur-
sor than a growth time of the instability. Therefore, the current-
driven filamentation instability emerges as the leading instability
outside this region of parameter space. At very low magnetizations,
σ ≪ 10−5, and in the region where the standard filamentation
mode can grow, the current-driven filamentation instability should
gradually disappear, as the turbulent small scale electromagnetic
fields randomize the return trajectories of the suprathermal particles
in the shock front plane. In this limit, one transits to the unmag-
netized limit, in which the precursor size is no longer controlled
by the background magnetic field, but by the profile of the micro-
turbulence.
Outside this region, up to σ ∼ 10−2, the current driven fil-
amentation instability is likely to play a dominant role. The inter-
esting physics of the shock at low magnetizations and at Lorentz
factor so large that the standard Weibel-filamentation mode cannot
grow, deserves close scrutiny. In this region, the current filamenta-
tion instability can grow in the absence of strong microturbulence;
however the very growth of this instability and of the filamentation
mode, thanks to the deceleration of the plasma, builds up the small
scale turbulence, which then back reacts on the current profile. The
profile of the precursor in this regime is left open for further study.
Our analysis at linear level indicates that the growth rate of
the current-driven filamentation instability is maximal on plasma
skin depth scales. This does not affect previous results concerning
the maximal energy of accelerated particles, which assume micro-
turbulence set on skin depth scales, e.g. Kirk & Reville (2010),
Bykov et al. (2012), Plotnikov et al. (2013a). However, we have
shown that the present instability extends into the MHD regime,
which has been addressed by Pelletier et al. (2009) and Casse et al.
(2013) in somewhat similar configurations; therefore, the physics
of the shock on much longer temporal timescales also requires
close scrutiny.
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APPENDIX A: PROFILE OF THE PRECURSOR
A1 Cold plasma limit
We construct here the profile of the precursor in the cold plasma
limit, in the shock rest frame. We consider the following popu-
lations of particles: the incoming particles, denoted by the sub-
script in, and the suprathermal particle population, which we divide
into two sub-populations, those moving toward+x from the shock
front up to the tip of the precursor (subscript r+) and those mov-
ing toward−x from the tip of the precursor toward the shock front
(subscript r−). We set the shock front at x = 0 and the tip of the
precursor at x1.
Alsop & Arons (1988) have described the structure of the pre-
cursor of a strongly magnetized relativistic shock; they do so by
solving the fluid and Maxwell equations with one population of in-
coming particles, which gyrate in the compressed magnetic field.
The present description is slightly different: we set a boundary at
x = 0, corresponding to the shock transition, into which the in-
coming population flows and out of which the suprathermal parti-
cle population emerges, with no specific relation between these two
populations.
In the cold plasma limit, the coherent rotation of the suprather-
mal particles at the tip of the precursor implies βx,r±(x1) = 0,
therefore nr±(x1) → +∞, and consequently |jy(x1)| → ∞.
This singular behaviour disappears of course when warm plasma
effects are introduced. Indeed, the suprathermal particle population
should be described in the present shock rest frame as a relativis-
tically hot plasma with mean Lorentz factor ∼ γsh and roughly
isotropic distribution function. Such effects are discussed in the
next Section. The cold plasma approximation, which we use here,
has the advantage of providing quantitative estimates for the vari-
ous quantities used in the manuscript.
The structure of the precursor is specified by the spatial depen-
dence of several functions: Bz = γshBu(1+ b), the current jy and
the four-velocities of the respective fluids. In the stationary state,
the magnetic field does not possess other components, as a result
of ∇ ·B = 0 and ∂y = ∂z = 0. The continuity equations im-
ply that at each point: ninux = n∞u∞ with u∞ = γshβsh < 0,
nr+ux,r+ = ξcrn∞ux,r+,0, nr−ux,r− = −ξcrn∞ux,r+,0. The
quantity n∞ represents the proper particle density as x → +∞,
while ux,r±,0 represents the x−component of the 4-velocity of
species r± at the shock front.
The profile of the precursor can be solved as a shooting prob-
lem, with three parameters to be determined by the boundary con-
ditions: b1, γr1, corresponding respectively to the deviation from
Bu, the Lorentz factor of suprathermal particles at the tip of the
precursor, and x1. The boundary conditions are:
ux,r+,0 = ush , uy,r+,0 = 0 ,
nr−,0uy,r−,0 = −nin,0uy,in,0 . (A1)
The first two conditions specify the inital data for the suprather-
mal particle population: we have chosen here a normal incidence
to the shock front and a Lorentz factor γsh, as expected at rela-
tivistic shocks. The third condition imposes a vanishing net flux of
particles along the shock front in the y direction.
Given the above three parameters, the following equations,
which determine the spatial profiles, must be matched to the bound-
ary conditions. Inside the precursor:
βx∂xβx =
ωc
c
[(1 + b)− βxβsh]βy ,
βx∂xβy =
ωc
c
ˆ
βsh
`
1− β2y
´− βx(1 + b)˜ ,
βx∂xγ =
ωc
c
γβyβsh ,
∂xb = − ωc
σγshn∞c
(ninuy,in + nr+uy,r+ + nr−uy,r−) ,
(A2)
with ωc ≡ eBu/(mc) the upstream cyclotron frequency, which
sets the spatial scale c/ωc of the precursor. The equations for the
velocities and Lorentz factor pertain to each positively charged
component of each species and the subscript have been dropped
for convenience.
Numerical examples of the profile are represented in Fig. A1.
We have set σ = 0.01, ξcr = 0.1 and γsh = 10
3, but the profile
does not depend on γsh in the ultra-relativistic limit; it is entirely
controlled by σ and ξcr.
One can obtain an approximation to the above profile as
follows. In the vicinity of x1, nr±(x) ≫ nin(x), therefore
the incoming particle contribution to Ampe`re’s law can be ne-
glected. Furthermore, one can approximate the motion of r+
particles close to x1 as uniform deceleration, implying βx ≃h
2|β˙x(x1)|(x− x1)
i1/2
, with |β˙x(x1)| = ωc(1 + b1)βy,r+(x1)
given that βx(x1) = 0. This allows to determine the singular
profile of the density close to x1, using the continuity equation.
Plugging this result and the similar estimate for r- particles into
Ampe`re’s law, one derives
b ≃ b1
"
1 +
ξcr
σ
|βx,r+(0)|
p
βy,r+(x1)√
2(1 + b1)1/2b1
ω1/2c (x− x1)1/2
#
.
(A3)
The term in the brackets determine the scale over which b varies
close to x1, ∆x ∼ σ2ξ−2cr b31c/(
√
2ωc). Using Ampe`re’s law with
∂xb ∼ b1/∆x and assuming b ≫ 1 leads to
b1 ∼
„
ξcr
σ
«1/2
. (A4)
The above turns out to provide the correct scaling seen in
the numerical calculations. In turn, this leads to ∆x ∼
σ1/2ξ
−1/2
cr c/ωc ∼ ξ−1/2cr c/ωp: current compensation takes place
on skin depth scales, as anticipated in Lemoine & Pelletier (2011).
Outside the precursor, the field goes down to its asymptotic far
upstream value on skin depth scales as well. Equations A2 can be
used in this region, with nr± → 0 in Ampe`res’s law. As discussed
in Alsop & Arons (1988), the system then admits the two integrals
of motion
γin = γsh (1− σb) ,
ux,in = u∞
»
1− σ
2β2sh
b (b+ 2)
–
. (A5)
These two integrals, combined with Eqs. A2 allow to derive the
following equation for the profile of b:
∂xb = − ωc√
σc
ˆ
b2 − σb2/(γ2shβ2sh)− σb3/β2sh − σb4/(4β2sh)
˜1/2
1− σb(b+ 2)/(2β2sh)
.
(A6)
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Figure A1. Structure of the precursor for σ = 0.01, ξcr = 0.1 and γsh =
1000 (rL ≡ c/ωc). Top panel: spatial profiles of the y−current carried by
the suprathermal particle population in units of enuc (in blue), and of the
compensating current carried by the inflowing ambient plasma (in red); in
green, the spatial profile of the perturbed magnetic field b = Bz/Bz,0 −
1. Bottom panel: spatial profiles of the x−velocities of the suprathermal
particle population (in blue), of the inflowing background plasma (in red),
and of the y−velocity of the background plasma positrons (in green).
This equation reveals the length scale of the profile: c/ωp, and al-
lows to solve for b, by integrating from b1 up to +∞, then for uin.
Using the integrals of motion, one computes the typical
change in Lorentz factor at the entrance into the precursor,
γ(x1) = γsh
“
1−
p
σξcr
”
, (A7)
ux,in(x1) ≃ u∞ (1− ξcr/2) , (A8)
|uy,in(x1)| ≃ −u∞
p
ξcr . (A9)
The variation in Lorentz factor is small compared to that of ux and
uy , but the slow-down along x is substantial: at x1, the particles
move at velocity βx,in(x1) ≃ 1− ξcr/2 in the shock front frame.
This slow-down is obvious in Fig. A1.
Inside the precusor, current compensation implies |uy,in| ∼
ξcrγsh up to a numerical prefactor of the order of unity. The dy-
namics of incoming particles is given by Eq. A2 with b ≪ 1 out-
side the peak at the tip of the precursor, which implies that the
flow is slowed by an amount ∆ux,in ∼ ξcrγsh close to the shock
front, and similarly ∆γin ∼ −γshξcr. Thus the Lorentz factor
of both flows remains large after its modification by the Lorentz
force. In terms of 3-velocity, this implies that β2 remains close to
unity, up to 1/(2γ2sh); since |βy| ≃ ξcr , the flow along x slows
to βx,in ∼ −
`
1− ξ2cr/2
´
compared to the value derived at the
entrance into the precursor, assuming γshξcr ≫ 1. In the opposite
limit, γshξcr ≪ 1, one finds that βx,in remains unaffected, i.e. the
slow-down is sub-relativistic and can be neglected.
Assuming that γshξcr ≫ 1, the relative Lorentz factor be-
tween the shock front frame and the frame R in which the incom-
ing is at rest along x, i.e. ux,|R ≡ 0, has fallen from γsh outside
the precursor down to
γR|sh ≃ 1
ξcr
. (A10)
As viewed in the upstream rest frame, the ambient plasma has been
picked up by the current layer and accelerated towards +x to a
Lorentz factor
γR|u ≃ γsh ξcr
2
(γshξcr ≫ 1) . (A11)
Finally, in theR frame in which the ambient plasma is at rest,
the particles move with velocity |βy,in|R| ∼ 1 with bulk Lorentz
factor ∼ γshξcr/2, provided of course that γshξcr ≫ 1. In the
opposite (weak current) limit, γshξcr ≪ 1, one finds |βy,in|R| ∼
γshξcr, βR|u ∼ 0 and γR|u ∼ 1; similarly, γR|sh ∼ γsh.
.
A2 Warm plasma limit
The above discussion assumed a cold plasma of returning particles,
with initial momentum (on the shock surface) directed along the
shock normal. Here we introduce the effects of angular dispersion
of the beam of returning particles. For simplicity, we neglect the
dispersion in Lorentz factor of the returning particles; this disper-
sion can be taken into account but it should not modify strongly the
overall shape of the current profile.
The number density of returning particles at the shock front
(considering e+/e− species altogether), with momentum oriented
within a solid angle element dΩi, is written dnr+,i (Ωi). The mag-
nitude of the current deposited by those particles in the precursor
can be written:
djy,r+(x) = |βy(x)| dnr+(x,Ωi)ec . (A12)
Assuming that the particle population r− deposit the same amount
of current as r+, and using the equation of conservation for the
number density of r+ particles, the total current element deposited
by supra-thermal particles emitted in theΩi direction reads:
djy(x) ≃ 2 |βy,r+(x)|
βx,r+(x)
βx,r+,idnr+,i(Ωi)ec , (A13)
βx,r+,i denoting the initial x−component of the 3-velocity of
r+ particles. This equation can be simplified using the re-
sult of the previous section, which indicate that βx,r+(x) ≃˛˛˛
2β˙x,r+(x1) (x− x1)
˛˛˛1/2
in the vicinity of the turning point x1,
so that most of the current djy(x) is deposited at x1. Note that x1
depends on the initial direction Ωi. We then approximate the spa-
tial profile of the current element Eq. (A13) with a delta function in
x:
djy(x) ≃ A δ (x− x1) dFr+,i(Ωi) e (A14)
with dFr+,i(Ωi) = βx,r+,ic dnr+,i(Ωi) the inital flux element.
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The prefactor is calculated by normalizing the integrated current
element along x in Eq. (A14) to that obtained in Eq. (A13).
In order to express A as a function of the initial ve-
locities βx,r+,i and βy,r+,i, one needs to express the quantity
|βy,r+(x)/βx,r+(x)| in the vicinity of x1 using the equations of
motion. These equations of motion must be written in the upstream
rest frame then Lorentz transformed to the shock frame. We com-
pute the trajectories of the returning particles in the background
electromagnetic field, neglecting in particular the perturbed com-
ponent of the magnetic field; this should remain a good approxi-
mation, given that the overall effect of the angular dispersion of the
beam is to spread out over the precursor length scale the current
profile. One then obtains first the turning point:
x1(Ωi) =
c
ωc,0
γ3sh (1− βshβx,r+,i)
× ˆβx,i|u sin̟1 + βy,i|u (1− cos̟1) + βsh̟1˜ ,
(A15)
as a function of the upstream-frame initial velocities
βx,i|u =
βx,r+,i − βsh
1− βx,r+,iβsh , βy,i|u =
βy,r+,i
γsh(1− βx,r+,iβsh) ,
(A16)
and the quantity̟1, which is defined implicitly by:
βx,i|u cos̟1 + βy,i|u sin̟1 = −βsh . (A17)
Recall that βsh < 0 in our present notations. The initial
cyclotron frequency of the returning particles reads ωc,0 =
eγshBu/ (γ0,r+mc), with γ0,r+ ≃ γsh their initial Lorentz factor.
One derives eventually:
A = 2
√
2 (x1c/ωc,0)
1/2 [γsh(1− βshβx,r+,i)]1/2
× |(βx,r+,i sin̟1 − βy,r+,i cos̟1)|1/2 . (A18)
Finally, the flux is normalized through
R
dFr+,i(Ωi) =
γshξcrn∞c.
In the limit γsh → +∞, all above quantities reach finite
asymptote values, as it should; we use these asymptotic values in
the numerical calculation of the integral over the angular variables.
One finally obtains the current profile depicted in Fig. A2.
This profile allows to estimate the velocity profile of the in-
coming plasma inside the foot. As in the cold plasma limit, current
compensation imposes the following scalings inside the precursor
|uy,in| ∼ ξcrγsh , ux,in ∼ − (1− ξcr) γsh , (A19)
so that the relative Lorentz factor between the shock front frame
and the frame R in which the incoming is at rest along +x is, as
before, γR|sh ≃ 1/ξcr if γshξcr ≫ 1. Figure A2 shows a numer-
ical calculation of the evolution of ux,in, |uy,in| and γR|sh inside
the precursor (assuming |b| ≪ 1) for γsh = 100 and ξcr = 0.1,
which confirms the above scalings.
APPENDIX B: LINEAR SYSTEM
We explicit here the linear system used to compute the dispersion
relation, for reference. We rescale the time and space derivatives by
ωc (cyclotron frequency in the upstream rest frame): ∂t˜ ≡ ω−1c ∂t,
∂x˜ ≡ cω−1c ∂x etc. We rescale all electromagnetic fields by the
background valueBzR (e.g. δB˜x ≡, δBx/BzR) and we introduce
the notations: κ ≡ γR|sh/u0, β˜2s ≡ β2s /u0 2, δn ≡ δn/n, δρ ≡
δρ/n, and we rescale δuµ and ∆uµ by u0, e.g. δu˜µ ≡ δuµ/u0.
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Figure A2. Upper panel: profile of jy (in units of γshξcrn∞ec) carried by
returning particles as a function of x/rL (rL = c/ωc) in the limit γsh ≫
1, including the effects of angular dispersion at the shock. Lower panel:
modulus of the 4-velocity components |ux,in| (solid red), |uy,in| (dashed
blue) and γR|sh (dotted orange); the lower panel assumes γsh = 100 and
ξcr = 0.1.
This leads to the following adimensioned system
∂t˜δn + βy∂y˜δρ + βy∂t˜∆u˜y + ∂x˜δu˜x + ∂y˜δu˜y + ∂z˜δu˜z = 0
∂t˜δρ + βy∂y˜δn + βy∂t˜δu˜y + ∂x˜∆u˜x + ∂y˜∆u˜y + ∂z˜∆u˜z = 0
∂t˜δu˜x + βy∂y˜∆u˜x + β˜
2
s ∂x˜δn − κ∆u˜y − βyκδB˜z = 0
∂t˜∆u˜x + βy∂y˜δu˜x + β˜
2
s ∂x˜δρ − κδu˜y − κδE˜x = 0
∂t˜δu˜y + βy∂y˜∆u˜y + β˜
2
s ∂y˜δn + βR|uκβyδu˜y + κ∆u˜x = 0
∂t˜∆u˜y + βy∂y˜δu˜y + β˜
2
s ∂y˜δρ + βR|uκβy∆u˜y
−κδE˜y + κδu˜x = 0
∂t˜δu˜z + βy∂y˜∆u˜z + β˜
2
s ∂z˜δn + βyκδB˜x = 0
∂t˜∆u˜z + βy∂y˜δu˜z + β˜
2
s ∂z˜δρ − κδE˜z = 0
∂t˜δB˜x + ∂y˜δE˜x − ∂z˜δE˜y = 0
∂t˜δB˜y + ∂z˜δE˜x − ∂x˜δE˜z = 0
∂t˜δB˜z + ∂x˜δE˜y − ∂y˜δE˜x = 0
∂t˜δE˜x − ∂y˜δB˜z + ∂z˜δB˜y +
1
κσ
∆u˜x = 0
∂t˜δE˜y − ∂z˜δB˜x + ∂x˜δB˜z +
1
σ
∆u˜y +
1
κσ
βyδn = 0
∂t˜δE˜z − ∂x˜δB˜y + ∂y˜δB˜x +
1
κσ
∆u˜z = 0
(B1)
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